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ABSTRACT 
 
Research recently conducted at the University of Central Florida involving 
crashes on Interstate-4 in Orlando, Florida has led to the creation of new statistical and 
neural networks models that are capable of determining the crash risk on the freeway 
(Abdel-Aty et al., 2004; 2005, Pande and Abdel-Aty, 2006). These models are able to 
calculate rear-end and lane-change crash risks along the freeway in real-time through the 
use of static information at various locations along the freeway as well as real-time traffic 
data obtained by loop detectors. Since these models use real-time traffic data, they are 
capable of calculating rear-end and lane-change crash risk values as the traffic flow 
conditions are changing on the freeway. The objective of this study is to examine the 
potential benefits of combining two ITS strategies (Ramp Metering and Variable Speed 
Limits strategies) for reducing the crash risk (both rear-end and lane-change crash risks) 
along the I-4 freeway.  
Following this aspect, a 36.25-mile section of I-4 running though Orlando, FL 
was simulated using the PARAMICS micro-simulation program. Gayah (2006) used the 
same network to examine the potential benefits of two ITS strategies separately (Route 
Diversion and Ramp Metering) for reducing the crash risk along the freeway by changing 
traffic flow parameters. Cunningham (2007) also used the same network to examine the 
potential benefits of implementing Variable Speed Limits strategy for reducing the crash 
risk along the freeway. Since the same network is used, the calibration and validation 
procedures used in this study are the same as these previous two studies. This study 
simulates three volume loading scenarios on the I-4 freeway. These are 60, 80 and 90 
percent loading scenarios. 
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From the final experimental design for the 60 % loading, it was concluded that 
implementing VSL strategy only was more beneficial to the network than either 
implementing Ramp Metering everywhere (through the whole network) in conjunction 
with VSL everywhere or implementing Ramp Metering downtown (in downtown areas 
only) in conjunction with VSL everywhere. This was concluded from the comparison of 
the results of this study with the results from Cunningham (2007). However, either 
implementing Ramp Metering everywhere or downtown in conjunction with VSL 
everywhere showed safety benefits across the simulated network as well as a reduction in 
the total travel time. The best case for implementing Ramp Metering everywhere in 
conjunction with VSL everywhere was using a homogeneous speed zone threshold of 2.5 
mph, a speed change distance of half speed zone and a speed change time of 5 minutes in 
conjunction with a 60 seconds cycle length for the Zone algorithm, a critical occupancy 
of 0.17 and a 30 seconds cycle length for the ALINEA algorithm. And the best case for 
implementing Ramp Metering downtown in conjunction with VSL everywhere was using 
a homogeneous speed zone threshold of 2.5 mph, a speed change distance of half speed 
zone and a speed change time of 10 minutes in conjunction with a 60 seconds cycle 
length for the Zone algorithm, a critical occupancy of 0.17 and a 30 seconds cycle length 
for the ALINEA algorithm.    
For the 80 % loading, it was concluded that either implementing Ramp Metering 
everywhere in conjunction with VSL everywhere or implementing Ramp Metering 
downtown in conjunction with VSL everywhere was more beneficial to the network than 
implementing VSL strategy only. This was also concluded from the comparison of the 
results of this study with the results from Cunningham (2007). Moreover, it was 
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concluded that implementing Ramp Metering everywhere in conjunction with VSL 
everywhere showed higher safety benefits across the simulated network than 
implementing Ramp Metering downtown in conjunction with VSL everywhere. Also, 
both of them increased the total travel time a bit, but this was deemed acceptable. 
Additionally, both of them had successive fluctuations and variations in the average lane-
change crash risk vs. time step. The best case for implementing Ramp Metering 
everywhere in conjunction with VSL everywhere was using a homogeneous speed zone 
threshold of 5 mph, a speed change distance of half speed zone and a speed change time 
of 30 minutes in conjunction with a 60 seconds cycle length for the Zone algorithm, a 
critical occupancy of 0.17 and a 30 seconds cycle length for the ALINEA algorithm. And 
the best case for implementing Ramp Metering downtown in conjunction with VSL 
everywhere was using a homogeneous speed zone threshold of 5 mph, a speed change 
distance of half speed zone and a speed change time of 30 minutes in conjunction with a 
60 seconds cycle length for the Zone algorithm, a critical occupancy of 0.17 and a 30 
seconds cycle length for the ALINEA algorithm.  
Searching for the best way to implement both Ramp Metering and VSL strategies 
in conjunction with each other, an indepth investigation was conducted in order to 
remove the fluctuations and variations in the crash risk with time step (through the entire 
simulation period). The entire simulation period is 3 hours, and each time step is 5 
minutes, so there are 36 time steps representing the entire simulation period. This indepth 
investigation led to the idea of not implementing VSL at consecutive zones (using either 
a gap of one zone or more). Then this idea was applied for the best case of implementing 
Ramp Metering and VSL everywhere at the 80 % loading, and the successive fluctuations 
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and variations in the crash risk with time step were removed. Moreover, much better 
safety benefits were found. So, this confirms that this idea was very beneficial to the 
network.  
For the 90 % loading, it was concluded that implementing Ramp Metering 
strategy only (Zone algorithm in downtown areas, and ALINEA algorithm in non 
downtown areas) was more beneficial to the network than implementing Ramp Metering 
everywhere in conjunction with VSL everywhere. This was concluded from the 
comparison of the results of this study with the results from Gayah (2006). However, 
implementing Ramp Metering everywhere in conjunction with VSL everywhere showed 
safety benefits across the simulated network as well as a reduction in the total travel time. 
The best case was using a homogeneous speed zone threshold of 2.5 mph, a speed change 
distance of the entire speed zone and a speed change time of 20 minutes in conjunction 
with a 60 seconds cycle length for the Zone algorithm, a critical occupancy of 0.17 and a 
30 seconds cycle length for the ALINEA algorithm.  
In summary, Ramp Metering was more beneficial at congested situations, while 
Variable Speed Limits were more beneficial at free-flow conditions. At conditions 
approaching congestion, the combination of Ramp Metering and Variable Speed Limits 
produced the best benefits. These results illustrate the significant potential of ITS 
strategies to improve the safety and efficiency of urban freeways. 
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1 CHAPTER 1.  INTRODUCTION  
Transportation is one of the most important aspects in our life. No one can move 
to another place without using a mode of transportation. Transportation is an important 
issue in any country’s development and progress. The development and progress of any 
country can be measured by the characteristics of its transportation facilities. 
Transportation not only includes moving people, but goods as well. Unfortunately, 
transportation is a mixed-blessing aspect. With the annual increase in the vehicle miles 
traveled (VMT), many people lost and are still losing their lives on these roadways. So, 
crashes are the drawback of transportation. Some of these crashes lead to injuries, and 
some are fatal leading to death. According to the Bureau of Transportation Statistics 
(2005), more than 42,000 persons lost their lives in motor vehicle crashes on roadways in 
the United States during 2003, and about 42,636 persons lost their lives on roadways 
during 2004. 
Recently, at the University of Central Florida in Orlando, FL, research is 
conducted to examine crashes that occur on typical urban freeways such as the Interstate 
roadway system. This research uses statistical models that determine the risk of a crash 
occurring along Interstate-4 (I-4). These models use data mining techniques to identify 
the crash potential for collisions (Pande and Abdel-Aty, 2006) along the freeway. Various 
Intelligent Transportation Systems (ITS) strategies are tested on a simulated section of 
the freeway to determine the effect of those strategies on the real-time crash risk. These 
ITS strategies include route diversion, ramp metering and variable speed limits. In this 
study, the effect of combining two of these ITS strategies in conjunction with each other 
on the rear-end and lane-change crash risks is examined. That is, the effect of the 
combination of Ramp Metering and VSL strategies on the rear-end and lane-change crash 
risks (which are the two measures of  effectiveness) along a simulated 36.25 miles of 
Interstate-4 (I-4). 
The research conducted in this study is based on previous research conducted at 
the University of Central Florida in implementing route diversion, ramp metering and 
variable speed limit strategies. These previous studies were done by Dilmore (2005), 
Dhindsa (2006), Gayah (2006) and Cunningham (2007). Dilmore (2005) and Dhindsa 
(2006) used the matched case-control logistic regression models (Abdel-Aty et al., 2004) 
to determine the crash risk occurring along Interstate-4. More precisely, Dilmore (2005) 
investigated variable speed limits strategy for real-time traffic safety improvements on 
urban freeways, and Dhindsa (2006) examined evaluation of ramp metering and variable 
speed limit to reduce crash potential on congested freeways using micro-simulation.  
Gayah (2006) and Cunningham (2007) used the neural networks (Pande and 
Abdel-Aty, 2006) to determine the crash risk occurring along Interstate-4. More 
precisely, Gayah (2006) examined route diversion and multiple ramp metering strategies 
to reduce real-time crash risk on urban freeways, and Cunningham (2007) greatly 
expanded on Dilmore’s (2005) work in the implementation of variable speed limits 
strategy for the reduction of real-time crash risk on urban freeways.  
This study is an expansion of previous research in that it uses newer crash 
prediction models developed by Pande and Abdel-Aty (2006). These models use neural 
networks to calculate the risk of both rear-end and lane-change crashes individually. 
They are more sophisticated than the logistic regression models used previously as they 
consider both real-time traffic data as well as off-line information regarding the time of 
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day and location of ramps and curves. The crash prevention strategies that are employed 
in this study are tested to see which of the crash risk types are reduced; or even both.  
So, the objectives of this study are the following: 
1. Extend the previous work to examine the effects of combining Ramp Metering 
and VSL strategies on the rear-end and lane-change crash risks (which are the two 
measures of  effectiveness) at various percent loading scenarios (60, 80 and 90 
percent loadings). 
2. Examine the impacts of the combination of Ramp Metering and VSL strategies on 
the operational capabilities of the Interstate-4 Highway System (in terms of the 
total travel time). 
3. Make comparisons between the results from this research and previous results 
from the research done by Dilmore (2005), Dhindsa (2006), Gayah (2006) and 
Cunningham (2007); and focusing mainly on the results of Gayah (2006) and 
Cunningham (2007). This is because the same network, the same micro-
simulation model (PARAMICS), the same statistical models (neural networks) 
(Pande and Abdel-Aty, 2006) used by Gayah (2006) and Cunningham (2007) are 
used also in this study. Moreover, the best cases from their studies were used for 
performing the preliminary experimental design in this study. 
4. Make recommendations for future implementation of Ramp Metering and VSL 
strategies along Interstate-4 at different volume loading scenarios for better safety 
benefit. 
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2 CHAPTER 2.  LITERATURE REVIEW 
2.1 Traffic Simulation 
Computer models are widely used in traffic and transportation system simulation 
and analysis. The early development in traffic simulation dates back to the 1950's (May, 
1990). By about 1960 it became generally accepted that traffic simulation was possible 
and feasible (Gerlough, 1975). The use of computer simulation started when D.L. 
Gerlough published his dissertation: "Simulation of freeway traffic on a general-purpose 
discrete variable computer" at the University of California, Los Angeles, in 1955 
(Kallberg 1971). From these times, computer simulation has become a widely used tool 
in transportation engineering with a variety of applications to planning, training and 
demonstration. 
Computer simulation has been defined in many ways as simulation means 
different interpretations to different people. In broader sense, computer simulation is 
defined as "a logical-mathematical representation of a concept, system, or operation 
programmed for solution on a high speed electronic computer" (Martin, 1968). 
Simulation is also defined as "a working analogy that involves the construction of a 
working model presenting similarity of properties or relationships to the real problem 
under study" (Drew, 1968). However, in transportation-related applications, May (1990) 
defined computer simulation more specifically as "a numerical technique for conducting 
experiments on a digital computer, which may include stochastic characteristics, be 
microscopic or macroscopic in nature, and involve mathematical models that describe the 
behavior of a transportation system over extended periods of real time". 
 4
Simulation models are designed to imitate or mimic the behavior of complex and 
simultaneous interactions of many system components. Properly designed models are 
able to integrate these separate entity behaviors and interactions to produce a detailed 
description of the system performance. These simulation models are mathematical/logical 
representations of real-world systems, taking the form of software executed on a digital 
computer in an experimental style. 
Always, the user of traffic simulation software specifies a “scenario” as a model 
input. The results of the simulation model describe system operations in two formats: 
“statistical” and “graphical”. The numerical results provide the analyst with a detailed 
and quantitative description of what is most likely to happen. The graphical and animated 
results provide insights so that the trained observer can gain a deep understanding of why 
the system is behaving this way. However, it is the analyst’s responsibility to properly 
interpret the information provided by the model to gain an understanding of the “cause-
and-effect” relationships. 
Traffic simulation models differ in their scope and applications. We can note that 
some simulation models are designed to deal with individual components of the highway 
system, such as isolated signalized/unsignalized intersections, bridges, corridor and 
freeway systems, etc. Other models are designed to deal with complex highway networks 
that can integrate most highway system components. 
In addition to the ability of modeling complex systems such as traffic operations 
at the network level, there are many advantages associated with simulation as related to 
traffic and transportation applications. Computer simulation offers opportunities that are 
not feasible using field data. More specifically, traffic simulation enables traffic and 
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transportation analysts to test the effectiveness of alternative design and traffic 
management schemes before being implemented in the field. Following this aspect, many 
Intelligent Transportation System (ITS) projects are being tested and investigated using 
computer simulation techniques at their early conceptual stages. 
Another important benefit of using computer simulation is that it offers an 
alternative approach to investigate traffic operations when empirical data is unavailable 
or very difficult to obtain due to some practical and technical reasons. This lack of 
empirical data has caused a change in the general attitude towards the use of computer 
simulation in developing new analytical models. This change in the general attitude can 
now be observed from many of the active NCHRP (National Co-operative Highway 
Research Program) research projects to develop a new version for the HCM (Highway 
Capacity Manual) 2000. 
Moreover, these traffic simulation models can provide traffic analysts with the 
ability to perform sophisticated experiments on various highway systems and to get the 
most desirable statistics and measures of performance, which is not normally possible 
using conventional analytical techniques. Another important issue is that the resources 
required for traffic simulation modeling are much less than those required by studies that 
utilize analytical techniques and field data. In this sense, computer simulation offers an 
affordable and feasible tool for traffic analysis on highway systems. 
Thus, in summary, the severe limitations of analytical techniques and the 
tremendous amount of field data required to model traffic behavior using an analytical 
technique, were behind the selection of computer traffic simulation as the most 
appropriate tool for conducting this study. 
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2.1.1 Why Simulation is Important 
Simulation provides a method for checking our understanding of the world around 
us and helps us produce better results faster. Hence, simulation can (Imagine That Inc., 
2002): 
1. Predict the course and results of certain actions. 
2. Understand why observed events occur. 
3. Identify problem areas before implementation. 
4. Explore the effects of modifications. 
5. Confirm that all variables are known. 
6. Evaluate ideas and identify inefficiencies. 
7. Gain insight and stimulate creative thinking. 
8. Communicate the integrity and feasibility of our plans. 
2.1.2 Types of Traffic Simulation Models 
There are many ways to classify traffic simulation models. One method is to 
classify the models with respect to the level of detail that the simulation software 
represents the traffic network (Gayah, 2006). Using this criterion, there are three basic 
simulation types: macroscopic, mesoscopic, and microscopic.  
Macroscopic traffic simulation models include analytic models that deal with the 
average traffic stream characteristics, such as flow, speed, density, etc. These models are 
also known as low fidelity models since they describe traffic behavior with a low level of 
detail. They do not consider the movements of individual vehicles but rather aggregate 
traffic flow over each section. They would not consider events such as individual lane 
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changes, but would rather assume that vehicles are spread out across all the lanes of a 
roadway in a predefined distribution.  
On the other hand, microscopic models are high fidelity models in that they 
provide the highest level of detail. They consider the characteristics of individual 
vehicles, and their interactions with other vehicles in the traffic stream (Kang, 2000). 
Vehicles can adjust their speed, change lanes and change routes based on the speed and 
distance of nearby vehicles.  
Mesoscopic models are mixed fidelity models that describe the vehicles in the 
network at a higher level of detail than macroscopic models, but a lower level of detail 
than microscopic models. For example, while microscopic models would base lane 
changing maneuvers on the interaction of vehicles in the traffic stream, mesoscopic 
models would include lane changes, but instead base them on lane densities or lane 
speeds (Lieberman and Rathi, 1997). Mesoscopic models balance the two methods. In 
some models the traffic is looked at macroscopically, except at important points such as 
tollbooth, merge lanes, and intersections, where they are looked at microscopically. The 
resulting blend yields good accuracy and reasonable runtime. The accuracy of the 
software is in the blending of the two pieces of information and also in the identification 
of important points. 
In general, low fidelity models are easier to develop, execute, and maintain 
(Gayah, 2006). However, the primary drawback to using these models for real world 
situations is that they are often less accurate than other model types. Higher fidelity 
models are the most accurate, but extremely difficult to develop since they involve many 
complex mathematical models that require a tremendous amount of information to 
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accurately describe vehicular behavior. Additionally, they require a longer time 
investment to simulate a real life network and require a tremendous amount of 
computational power to run. Moreover, these models require much more time to run than 
macroscopic models. Whereas a macroscopic model can be run and the results reported 
inside of a few minutes, microscopic models could take hours or even days to get similar 
results.  
Selecting which level of complexity in a traffic simulation model is very 
important to the case that is being described (Gayah, 2006). If a model is being built to 
determine flow rates on a freeway that does not have many weaving sections, then a 
macroscopic model would be the best choice. However, if this same freeway has multiple 
weaving sections and merging areas, then it is possible that the vehicular interactions at 
these areas would be of high importance. Additionally, if the number of lane changes that 
is performed in these sections is required as an output, then a microscopic or mesoscopic 
model would be the best choice since the macroscopic model cannot give these results.  
Another method of classifying traffic simulation models is by the processes that 
represent variation within the models (Gayah, 2006). The types of these models are either 
deterministic or stochastic. In deterministic models, all interactions are represented by 
exact relationships, and the same input data produce the same result each time the model 
is applied.  Stochastic models, on the other hand, include probability functions rather than 
exact functions to describe vehicular interactions. For example, in deterministic models, 
if a mean headway is specified, then each vehicle would maintain this specific headway 
as it moves through the network. However, in stochastic models, the mean headway 
would be defined by the user, but the individual vehicular headways would follow a 
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predefined distribution with the specified headway as the mean. In stochastic models, 
each vehicle would have a unique headway, but the average of all vehicular headways 
throughout the network would be close to the specified mean headway value. Also, in 
stochastic models, the same input parameters do not lead to the same results each time the 
simulation is run. Because of this characteristic, most stochastic simulation models are 
run multiple times with a given set of input data, and average results of these runs are 
used in the final evaluation. 
2.1.3 Traffic as a Simulation Object 
Road transportation is the efficient movement of people and goods through 
physical road and street networks (Journal of Geographic Information and Decision 
Analysis, 1999). We can realize that road transportation is a fascinating problem. Traffic 
systems are characterized by a number of features that make them hard to analyze, 
control and optimize. In addition, road and street transportation systems are dynamic in 
nature, i.e., the number of units in the system varies according to time, and with a 
considerable amount of randomness. 
Transportation systems are typical man-machine systems, i.e., the activities in the 
system include both human interaction (interaction between driver-vehicle-elements) and 
man-machine-interactions (driver interaction with the vehicle, with the traffic information 
and control system and with the physical road and street environment) (Journal of 
Geographic Information and Decision Analysis, 1999). Moreover, the laws of interaction 
are approximate in nature, that is, observations and reactions of drivers are governed by 
human perception and not by technology based sensor and monitoring systems. 
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2.1.4 Traffic Simulation Softwares 
There are various traffic simulation softwares to analyze macroscopic, 
mesoscopic and microscopic models. Examples of macroscopic simulation traffic 
analysis tools are: BTS, FREQ12, KRONOS, NETCELL, PASSER, SATURN, 
TRANSYT, TRANSCAD and VISTA. 
Examples of mesoscopic simulation traffic analysis tools are: CONTRAM, 
DYNAMIT-P and MesoTS. Examples of microscopic simulation traffic analysis tools 
are: AIMSUN2, CORSIM/TSIS, DRACULA, HUTSIM, INTEGRATION, MICSTRAN, 
PARAMICS, VISSIM and WATsim. 
2.1.5 Selecting a Traffic Simulation Software  
Since the objective of this research is to determine the effects of combining Ramp 
Metering and VSL strategies on the safety of an urban freeway, a microscopic simulation 
package is deemed the most suitable choice to be used in this research. While the freeway 
to be modeled is rather simplistic and can warrant a macroscopic model for operational 
studies, the purpose of Ramp Metering is to reduce the negative effects of vehicles 
merging from on-ramps that can disrupt the traffic stream. Since merging behavior is 
directly related to vehicular interaction, it is decided that the best method to depict this 
phenomenon is the use of a microscopic simulation package. Additionally, a stochastic 
software would be used since this more accurately models the behavior of vehicles on the 
freeway. And from previous research, it is concluded that the best microscopic simulation 
packages that can be used are: PARAMICS, VISSIM and CORSIM. So, in order to 
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conduct this research (i.e. combining Ramp Metering and VSL strategies), these three 
microscopic simulation packages are the best packages that can be used. 
2.1.6 A Comparison between Three Microscopic Simulation Software Packages 
Table 2-1 shows a comparison between CORSIM, PARAMICS and VISSIM 
simulation packages. As seen, both PARAMICS and VISSIM packages are found to be 
much better than CORSIM package.  
Table 2-1: Comparison between CORSIM, PARAMICS and VISSIM Packages (Shaw and Nam, 
2002) from Gayah (2006) 
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2.1.7 Selection of PARAMICS Software package 
Boxill and Yu (2000) evaluated over 70 software packages to determine which 
were more suited to study Intelligent Transportation Systems (ITS) issues. Of the 70 
software packages examined, the top nine were: AIMSUN2, CONTRAM, CORFLO, 
CORSIM, FLEXYT II, HUTSIM, INTEGRATION, PARAMICS and VISSIM. This top 
nine includes CORSIM, VISSIM and PARAMICS packages. Table 2-2 shows a 
summary of the nine top software packages, and evaluates their ability to model certain 
ITS features as well as other helpful properties. 
Table 2-2: Comparison of Multiple Micro-simulation Packages (Boxill and Yu, 2000) from Gayah 
(2006) 
 
As shown above, PARAMICS and AIMSUN 2 appear to be the best software 
packages with respect to ITS features as well as other properties. Although none of the 
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shown software packages appear to be able to implement route guidance, PARAMICS 
features an Application Programmer Interface (API) that allows users to edit and select 
built-in functions within the PARAMICS code that can be used to control vehicles’ 
behavior. By creating an API code, one can change the route of a vehicle along the 
network while the simulation is running which effectively mimics the implementation of 
route guidance.  
Therefore, based on the studies performed by Shaw and Nam (2002) and Boxill 
and Yu (2000), as well as other numerous studies that used PARAMICS in past research, 
PARAMICS has shown its reliability and effectiveness for the use on freeways. 
Therefore, based on this, PARAMICS (PARAllel MICroscopic Simulation) software 
package was selected for use in this study.  
2.2  Ramp Metering 
Ramp metering has become an increasingly well-known method of reducing 
congestion on freeways. The objective of ramp metering is to reduce delay and maintain 
capacity flow on a freeway by regulating access of ramp traffic to the mainline (Lee et 
al., 2006). Ramp meters are traffic signals placed on the ramp to control when and how 
many vehicles can enter the freeway (Gayah, 2006). The earliest use of ramp metering 
was on the Eisenhower Expressway (I-290) in Chicago, Illinois in 1963, where a police 
officer directed traffic onto the freeway. He only allowed one vehicle from the ramp to 
enter the freeway at a time at a fixed rate. Nowadays, the use of ramp metering has 
expanded a lot throughout the United States and the rest of the world, and especially 
Europe. It involves complex algorithms that use traffic data taken from the freeway to 
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determine how many vehicles are allowed to enter the freeway. Extensive use of ramp 
metering can now be seen in the United States in Minnesota, California, New York and 
Washington states as well in Europe in Amsterdam (Netherlands), Paris (France) and 
Glasgow (Scotland). 
Originally, the signals that controlled ramp metering were pre-timed signals that 
allowed vehicles into the freeway at a fixed rate (Gayah, 2006). Now actuated signals are 
used that take into account conditions on the freeway when determining how much green 
time to be allotted to the meter. The strategy of actuated signals has two types: local and 
coordinated. Local ramp metering takes into account the traffic conditions only near the 
ramp that is being metered. When using this type of strategy, the metering rate of a 
particular ramp is independent of the rate at another ramp. Coordinated ramp metering, 
on the other hand, requires that the metering rate of a particular ramp to be based on 
traffic data from various locations within the corridor. This effectively allows the 
metering rate of each ramp in the corridor to be dependent on each other, i.e., the traffic 
conditions at one location can affect the metering rate of other ramps located miles away.  
2.2.1 Ramp Metering Algorithms 
Chu et al. (2004) studied the effects of different ramp metering algorithms on 
recurrent congestion using PARAMICS. The algorithms evaluated by them included 
ALINEA, Bottleneck, etc. Ben-akiva et al. (2001) evaluated FLOW and ALINEA using 
MITSIMLab. 
Masher et al. (1975) proposed Demand Capacity algorithm. Koble et al. (1980) 
proposed Percent Occupancy algorithm. The former (Masher et al., 1975) works by 
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measuring the occupancy (Oo) downstream from the location where on-ramp merges into 
the freeway. If it exceeds the critical occupancy (Oc), congestion is assumed to exist, and 
the metering rate is set to the minimum metering rate (Rmin). The critical occupancy is 
the maximum occupancy that is desired on the freeway section. Occupancy values higher 
than critical occupancy lead to highly congested traffic conditions. If the value of 
occupancy at downstream location (Oo) does not exceed the critical occupancy, the 
volume is measured upstream of the merge (qin), and the metering rate is set to the 
difference between the downstream capacity (qcap) and the upstream volume. Equation 
(2.1) provides the logic for the algorithm provided by Masher et al. (1975). The metering 
rate R can be defined as the measure of the number of vehicles that have to be allowed to 
enter the freeway within one cycle (time interval) on the meter. This is used as the 
measure for evaluating the measure of green time for every signal cycle.  
Rmin Oo > Oc 
(2.1) R =  
Oo < Oc max (qcap – qin) 
                                                    
where:  
R is the metering rate;  
Rmin is the minimum metering rate; 
Oo is the measured occupancy; 
Oc is the critical occupancy;  
qcap is the flow rate at capacity; and 
qin is the upstream flow rate.  
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The latter (Koble et al., 1980) uses occupancy measurements from only upstream 
of an on-ramp to identify congestion. This algorithm involves 2 constants, K1 and K2. 
Equation (2.2) shows this algorithm.   
1 2[ ] ( )[ 1]inR k K K O k= − −                                                               (2.2) 
where: 
R[k] is the metering rate for time interval k; 
K1 is the flow at capacity constant;  
K2 is a constant representing the slope of the straight line approximation for the un-
congested flow portion of fundamental traffic flow diagram; and  
Oin is the occupancy of the upstream detector. 
These two algorithms are known as feed-forward algorithms since the metering 
rate at a particular time interval is independent of the rate at any previous time interval. 
Papageorgiou et al. (1991) developed a feed-back algorithm that considers previous 
metering rates when determining the current metering rate. This method, known as 
ALINEA, is one of the most common ramp metering algorithms used and is based on the 
Proportional Integral (PI) feed-back control law. Equation (2.3) shows the ALINEA 
algorithm.  
 
R[t] = R[t – δt] + KR(Oc – O[t])                                                 (2.3) 
 
where: 
R[t] is the metering rate at time t; 
R[t – δt] is the metering rate at time t - δt; 
 17
δt is the length of interval at which each re-evaluation of the algorithm is done; 
KR is a regulator parameter;  
Oc is the critical occupancy; and 
O[t] is the measured occupancy downstream of the ramp at time t. 
The ALINEA algorithm has been modified to enhance its accuracy in different 
situations. Oh and Sisiopiku (2001) proposed MALINEA to take into account occupancy 
both upstream and downstream of the on-ramp. Smaragdis and Papageorgiou (2003) 
proposed FL-ALINEA to use flow measurements from downstream detectors rather than 
occupancy measurements. They also proposed UP-ALINEA to use occupancy 
measurement upstream of the on-ramp and to estimate the downstream occupancy. This 
algorithm shows good results in areas that previously used the demand capacity algorithm 
or the percent occupancy algorithm. Finally, they modified ALINEA to add queue 
control. They proposed X-ALINEA/Q. This algorithm accounts for queues building into 
the on-ramp and increases the release rate to reduce congestion on the on-ramp that spills 
over into surrounding surface streets. Excluding X-ALINEA/Q, all these algorithms are 
less efficient than the traditional ALINEA algorithm, but are useful when downstream 
occupancy measurements are not available. The ALINEA algorithm has also been 
modified for coordinated ramp metering use. An algorithm termed METALINE was 
presented by Papageorgiou et al. (1997). This algorithm was a bit complex. So, since the 
ALINEA algorithm is much simpler to implement than the complex METALINE 
algorithm, the ALINEA algorithm is more preferable for use.  
Another popular ramp metering algorithm is the Zone algorithm. This algorithm is 
a coordinated algorithm. In this algorithm, the freeway is broken up into small sections 3 
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to 6 miles long. These sections are called zones and all ramps in each zone are examined 
together (Stepanedes, 1993). The upstream area of each zone is a free flow area and the 
downstream area is a bottleneck area. The main objective of this algorithm is to balance 
the volume of traffic entering the zone with the traffic leaving this zone. Stephanedes 
(1994) tested this algorithm on a ring road in Minneapolis, Minnesota, and he found that 
it yielded a 31% reduction in travel time.  
Papageorgiou and Kotsialos (2002) said that there are two ways to implement any 
ramp metering algorithm in the field. The first way is called “one-car-per-cycle 
realization”. This way allows only one car to enter the freeway per metered traffic cycle. 
Therefore, the green time is fixed at a small value (between 1.3 and 2.0 seconds) to allow 
for just a single vehicle to enter. The second way is called “traffic-cycle realization”. In 
this way, the cycle length is kept constant, while the green time varies. This way allows 
more than one vehicle to enter the freeway at one time  
2.2.2 Studies on the Benefits of Ramp Metering 
There have been several field studies performed to assess the benefits of the ramp 
metering strategy. A study performed by Cambridge Systematics (2001) on the Zone 
algorithm in Minnesota concluded that ramp metering saves the city over $ 40 million 
annually and increases average mainline freeway speeds from 46 mph to 53 mph. There 
is also a reduction in the number of traffic crashes.  
Papageorgiou et al. (1997) also tested the benefits of the ALINEA algorithm on 
the Peripherique Boulevard in Paris (France), as well as the A10 Motorway in 
Amsterdam (Netherlands). The study showed that the ALINEA algorithm provided 
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superior results and helped to reduce travel time and congestion along the roadway. The 
study also revealed that the ALINEA algorithm distinguished itself from other local ramp 
metering algorithms due to its simplicity, low implementation costs, efficiency, and 
flexibility.  
Unfortunately, despite ramp metering can have great benefits; the public often 
opposes the use of ramp metering (Scariza, 2003). For this reason, MnDOT (Minnesota 
Department of Transportation) required evidence that ramp metering is beneficial. Two 
highways were selected for further evaluation: Trunk Highway 169, a circumferential 
highway; and I-394, a downtown highway. Traffic was studied in March, 2000. The ramp 
metering algorithm was shown to reduce total travel time between 6% and 16% and to 
increase speed between 13% and 26%. Traffic stops on ramps were reduced to one third 
when ramp metering was implemented. Ramp metering was also shown to reduce both 
fuel consumption and pollutant emissions by between 2% and 47% (Hourdakis and 
Michaelopoulos, 2002). However, some studies have shown there might be scenarios 
where ramp metering might increase emissions. 
2.2.3 Further Studies on Ramp Metering  
Due to public opposition to ramp metering, the Minnesota legislation passed a law 
in fall 2000 requiring ramp metering (using the Zone algorithm) to be shut off for eight 
weeks. In these eight weeks, congestion and the number of crashes were shown to 
increase. Additionally, the travel patterns of drivers changed. Levinson et al. (2002) also 
showed that ramp metering increases travel time for shorter trips, while decreasing travel 
time for longer trips  
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Kwon et al. (2001) used a macroscopic simulation package at the University of 
Minnesota in order to compare a coordinated algorithm from each of the three categories: 
the INCREMENTAL algorithm used in Denver, Colorado; the Zone algorithm used in 
Minnesota; and the FUZZY LOGIC algorithm used in Seattle, Washington (Scariza, 
2003). And since the Zone algorithm in Minnesota did not use queue control, this resulted 
in the most restrictive metering rates, the lowest amount of mainline congestion, and the 
longest ramp queues. In contrast, the INCREMENTAL algorithm in Denver and the 
FUZZY LOGIC algorithm in Seattle both showed that queue control can reduce the 
mainline efficiency. Furthermore, this study also showed that the FUZZY LOGIC 
algorithm is very sensitive to the weights used for each rule. 
The PATH program at the University of California (Zhang et al., 2001) used the 
microscopic simulation package “PARAMICS” to compare four ramp metering 
algorithms: ALINEA, Bottleneck, Zone, and SWARM. The results showed that all of the 
algorithms tested tend to improve traffic flow. Also, there were some very little 
difference in the performance of each algorithm.  
Hasan et al. (2002) used MITSIMLab to study ramp metering on the Big Dig 
network in Boston, Massachusetts. They compared the local algorithm ALINEA with the 
coordinated algorithm FLOW. They showed that ramp metering damaged traffic 
performance at low demands. They also showed that coordination was only effective at 
very high demands and that it significantly improved traffic performance when a 
bottleneck was existing downstream of the on-ramp. Finally, they showed that queue 
control always improved traffic performance. 
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In his study, Dhindsa (2006) included up to seven ramps and concluded that ramp 
metering provided good real-time safety benefits in congested conditions. However, in 
this study only local ramp metering was considered using the ALINEA algorithm. 
Moreover, Dhindsa focused only on the “traffic-cycle realization” of ramp metering and 
did not use the “one-car-per-cycle realization” method. 
2.3 Variable Speed Limit 
A road speed limit is the maximum speed allowed by law for motor vehicles. 
Speed limits are commonly set and enforced by the legislative parties of nations or 
provincial governments such as States within the USA. 
Recently, some jurisdictions have begun experimenting with variable speed 
limits. Variable Speed Limits (VSL) are variable signs posted on the freeway. While 
somewhat different than a typical Variable Message Signs (VMS) display, VSL still 
require the same reaction by a road user. The user should clearly read, understand and 
react to the message. The primary differences between VMS and VSL are that VSL 
display a limited amount of information and that VSL’s information is more likely to be 
enforceable. The main purpose of VSL is to reduce speed in some areas across the 
freeway to overcome rear-end and lane-change crash risks, and hence, to increase safety 
benefits.  
2.3.1 Objectives of Using Variable Speed Limit 
Variable speed limits are used in microscopic simulation studies and have been 
implemented all over the world (Cunningham, 2007).  There are so many reasons for the 
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use of variable speed limits. In terms of safety, variable speed limits have sometimes 
been used during inclement weather to state a reduced safe speed limit for drivers 
(McLawhorn, 2003).  Speed limits can be reduced when visibility decreases, when heavy 
precipitation approaches and when high speed winds are present (Sisiopiku, 2001). 
Variable speed limits have also been used to increase safety in work zones (Park and 
Yadlapati  2003).  
Variable speed limits have been also used to prevent queue building by slowing 
traffic before it reaches a queue, effectively reducing the intensity of traffic jams 
(Borrough, 1997). Variable speed limits have also been used to reduce the variation in 
speeds. Less variability leads to fewer crashes, fewer short headways and lower mean 
speeds (Ha et al., 2003).  
2.3.2 Studies on the Benefits of Variable Speed Limit 
Hoogen et al. (1994) conducted a study about the application of variable speed 
limit on some motorways in Netherlands. They found that the differences in volume, 
speed, and occupancy between and within lanes became smaller and variations also 
decreased when variable speed limit was implemented.  
Rämä (1999) tested the effects of weather-controlled variable speed limits and 
variable message signs on driver behavior on a 14 km long highway in Finland. She 
concluded that when the variable speed limits are implemented, the mean speed and the 
standard deviation of speeds were reduced due to a reduction in the highest speeds. Ha et 
al. (2003) got similar results from their experiment of Automated Speed Enforcement 
(ASE). They concluded that speed, speed variance, and the percentage of short time 
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headways were reduced a few kilometers ahead of an ASE station where warning signs 
were posted. They also concluded that smaller speed variation resulted in the reduction of 
crash frequency.  
Sailer et al. (1997) formulated the mathematical expression of the speed-density 
relationship as a function of speed. They proved (both theoretically and empirically) that 
free-flow speeds decrease with variable speed limits.  
Alessandri et al. (1999) developed a dynamic macroscopic model to estimate 
traffic density in real time and activated speed signaling (variable speed limits) based on 
the density estimated by the model. They found that the speed signaling can avoid 
congestion and improve the stability of traffic condition with constant flow and higher 
average speed. 
Breton et al. (2002) developed a macroscopic traffic simulation model that takes 
variable speed limits into account and found that the reduction of speed limits suppressed 
the upstream traveling shockwave by creating a low-density wave that is traveling 
downstream. 
Hegyi et al. (2002) enhanced the performance of variable speed limits, by using 
the same model used by Breton et al. (2002), through the coordination with ramp 
metering. They demonstrated potential benefits of variable speed limits in minimizing 
total travel time.  
Zhihai et al. (2004) tested different VSL scenarios. A computer simulation model 
was carried out including the causes of congestion and other factors that lead to the 
instability of traffic flow such as small time headway, large speed variance, and frequent 
disturbances. They simulated scenarios of variable speed limit systems that controlled the 
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freeway traffic flow. They indicated that the VSL benefits are clear when the traffic 
volume is equal to or greater than 2800 veh/h. They reached this number while studying 
demand driven congestion in one direction on a freeway with two lanes. Other benefits 
are: increase of the served traffic volume, travel time savings and reduction of speed 
standard deviation. They also concluded that VSL can reduce queue time, reduce number 
of stops, and avoid congestion when the traffic volume is equal to or greater than 2000 
veh/h for the same freeway configuration.  
The objectives of all these studies are mainly congestion and travel time. Safety 
was not considered as a primary objective as these studies did not attempt to quantify the 
benefit of variable speed limits for reducing crash potential (Lee et al., 2004).  
2.3.3 Safety Benefits of Variable Speed Limit  
Here are some studies that focused on the implementation of Variable Speed 
Limits for safety aspects. 
Park and Yadlapati (2003) conducted a number of variable speed limit strategies 
at some work zones using the VISSIM microscopic simulation model. They used the 
minimum safety distance equation as a surrogate measure of safety. They found that 
variable speed limits could be beneficial in improving both mobility and safety at work 
zones when varying driver’s reaction rates in the simulation.  
Borrough (1997) concluded that enforcement of Variable Speed Limits in 
England led to a reduction in the number of crashes. Speed limits were adjusted on the 
M25, which is considered one of the most congested freeways in England. Variable 
Message Signs (VMS) and loop detectors were used to measure traffic density and speed. 
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Speed limits were lowered in increments as congestion increased. Speed cameras were 
used to enforce the speed limits, which resulted in more than 26,000 fines. The study 
found that drivers were inclined to keep to their lane when a faster lane did no longer 
exist. They were also more inclined to keep to the inside lane and to keep proper 
distances between successive vehicles, resulting in smoother traffic flow. This increased 
average travel times of traffic. Results showed that traffic crashes decreased by 28 % 
during the 18 months of operation. 
 Lee et al. (2004) used PARAMICS to deal with the safety benefits of using 
variable speed limit by using Variable Message Signs (VMS). The study found that 
variable speed limits can reduce average total crash potential by 25 % by temporarily 
reducing speed limits during risky traffic conditions. However, the study was not 
performed with real data. This means that the research could not reflect flexible scenarios 
and could not be used in optimization scenarios.   
Dilmore (2005) expanded on Lee’s work by simulating approximately 9 miles of 
Interstate-4 in Orlando, FL using PARAMICS and using real traffic flow data to calibrate 
the model.  A sophisticated crash prediction algorithm developed by Abdel-Aty et al. 
(2004), based on historical data from the same stretch of Interstate-4, was utilized in this 
study. 
Dilmore (2005) used real-time traffic data from I-4 in Central Florida. He found 
that the application of variable speed limits along the freeway could successfully reduce 
crash risk, as well as travel time, at particular locations in the high speed regime. 
However, in the low speed regime, he did not find the implementation of variable speed 
limits to have considerable effect due to congestion limitations.  The study showed that 
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the best effects of VSL on safety can be obtained by inducing high drops in speed limits 
upstream of the risk prone location and even increasing the speed limits downstream of 
this location. However, this study - although done with real data - considered only single 
stations and there was no network wide coordinated strategy tested or provided as an end 
result. 
Abdel-Aty and Dhindsa (2007) further expanded on Dilmore’s (2005) research by 
examining the potential benefits of ramp metering and variable speed limits. Dhindsa 
used the same PARAMICS network and crash prediction models as Dilmore (2005) but 
focused more on the improvement of real time crash risk in the low speed regime.  
Dhindsa (2006) also used a more sophisticated variable speed limit implementation 
strategy and considered the simultaneous implementation of variable speed limits and 
ramp metering.  He found that using variable speed limits on a network wide level has a 
significant effect in reducing crash risk potential on the freeway.  
Cunningham (2007) examined dynamic variable speed limit strategies for the 
reduction of real-time crash risk on freeways. His study showed that the best effects of 
VSL on safety can be obtained by reducing the speed limit upstream of the risk prone 
location and increasing the speed limit downstream of this location. 
After this literature review, it is clear that the two ITS strategies: ramp metering 
and variable speed limit have the ability to highly improve the operational capability of a 
given traffic network. What are less well-known; however, are the real-time effects on 
the safety of the traffic network. While some preliminary work has been performed with 
ramp metering, it is not comprehensive enough to make a complete decision about the 
potential of ramp metering to be a real-time crash prevention strategy. PARAMICS 
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microscopic simulation package has been found to be a tool that can be accurately used to 
assess the effects of ramp metering and variable speed limit on the safety of an urban 
freeway.  
Also, we can see from the literature review that there is a gap in examining the 
safety effects of combining both ramp metering and variable speed limit strategies. So, 
this study expands on ideas from Dilmore (2005), Dhindsa (2006), Gayah (2006) and 
Cunningham (2007). This network, like Dilmore’s (2005) and Dhindsa’s (2006), is a 
PARAMICS model of Interstate-4, but has been expanded from 9 miles to 36.25 miles.  It 
covers the whole downtown area, and stretches from Disney to Lake Mary. In this study, 
vehicle speeds are collected by loop detectors at every station on the network, and 5-
minute average speeds are calculated.   
When compared to previous studies, this study is unique in that it uses a wider 
network for implementing both ramp metering and variable speed limit strategies than 
other networks in previous research. So, we can say that more accurate results can be 
obtained from the simulated network. This study uses three different loading scenarios: 
60, 80 and 90 percent loadings for traffic flow at Interstate-4. In other words: off-peak 
traffic volumes, approaching-peak traffic volumes and peak traffic volumes, respectively. 
This study will compare the obtained results and conclusions with results and conclusions 
from Dilmore (2005), Dhindsa (2006), Gayah (2006) and Cunningham (2007); but 
focusing mainly on those obtained by Gayah (2006) and Cunningham (2007). 
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3 CHAPTER 3.  METHODOLOGY 
3.1 PARAMICS Microscopic Simulation Package 
As mentioned in Section (2.1.7), the software chosen to model the network used 
in this study is the PARAMICS software package. PARAMICS is a microscopic 
simulation package developed by Quadstone Limited (2002). The PARAMICS package 
consists of PARAMICS Modeller, PARAMICS Processor and PARAMICS Analyser.  
The PARAMICS Modeler provides a visualization of road networks and traffic 
demands through a Graphical User Interface (GUI). In this GUI, the user codes the 
network by entering information about the network geometry and travel data. The speed 
of the simulation is governed by the size of the network, the processing power available 
on the computer and the number of vehicles on the network at any one time.  
Once a network is coded in the PARAMICS Modeler, the PARAMICS Processor 
can be used to simulate runs in batch mode without visualization of the network through 
the GUI. This dramatically increases the speed of the simulation.  
The PARAMICS Analyzer (not used in this study) reads output from the 
simulation model and allows the user to take runs that have already been completed and 
compare the simulation results through the GUI.  
The PARAMICS software development is an ongoing process, with additional 
function being created to meet customer’s (user’s) needs. The PARAMICS website is: 
(http://www.paramics-online.com).  
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3.2 Study Area 
The study area used in this research is a portion of the Interstate-4 freeway (I-4) 
that runs through Orlando, Florida. I-4 generally runs in an east-west direction from 
Daytona Beach, Florida to Tampa, Florida, bisecting Orlando, Florida in its way. The 
specific area that was modeled for this study was the 36.25 mile stretch that runs through 
the downtown Orlando metropolitan area. Although the movements along I-4 are 
described as east-west, this segment actually runs north-south through the heart of the 
downtown area starting at S.R. 192 in the southwest and ending just north of Lake Mary 
Blvd in the northeast. Figure 3-1 shows a map of Orlando with the study area highlighted 
in green, and the downtown area is outlined with a dotted line. This is the area that will 
be simulated in PARAMICS, and will be tested for the implementation of both ramp 
metering and VSL strategies. 
 
Figure 3-1: Study Area 
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The majority of the length of I-4 through downtown is a 6-lane freeway (but in 
some areas, I-4 is either 4 or 8 lanes wide) with 12-ft lanes and speed limits varying 
between 50 mph and 65 mph. This study area is equipped with loop detectors in each lane 
every half mile. The composite AADT that exists on I-4 through the Orlando region is 
approximately 183,000 veh/day (FDOT, 2003).  
Throughout the 36.25 mile stretch of I-4, we can note that there are three different 
speed limits assigned in five different zones. The study area starts in the east with a high 
speed limit of 65 mph. The speed limit is then reduced to 55 mph as it approaches 
downtown and then to 50 mph as it enters the downtown metropolitan area (the heart of 
the network). After the downtown area, the speed limit is raised to 55 mph, and then 
raised again to 65 mph at the last zone of the network.   
The speed limit zones are shown in Figure 3-2. In this figure, the 65-mph speed 
limit zones are shown in a black color. The 55-mph speed limit zones are shown in a blue 
color. The 50-mph speed limit zone, located in the downtown metropolitan area is shown 
in a red color. This red zone is the zone where congestion occurs most frequently and 
where the likelihood of a crash occurrence is high. 
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Figure 3-2: Speed Limits Zones 
3.3 Network Building 
The following sections describe the steps that were used to code the I-4 network 
into PARAMICS. These steps (in order) were:  
1• Overlay Generation.  
2• Network Geometric Layout.  
3• Creation of Nodes and Links.  
4• Creation of Ramps.  
5• Creation of Zones and Adding Vehicles. 
6• Creation of Loop Detectors.  
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7• Network Calibration.  
8• Updated Origin-Destination (OD) Matrix.  
9• Network Validation.  
10• Implementation of Ramp Metering and Variable Speed Limit Strategies. 
3.3.1 Overlay Generation  
In order to precisely code the freeway geometry, an overlay of the roadway was 
needed. A previous network created by Dilmore (2005) used a combination of aerial 
photography obtained from the Orange County Property Appraiser’s Office and the 
Seminole County Property Appraiser’s Office, and AutoCad drawings obtained from the 
Orange County Transportation GIS department as the base for the overlay. A sample of 
this hybridized overlay is shown in Figure 3-3. 
 
 
Figure 3-3: Sample of Hybrid Overlay Used by Dilmore (2005) 
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The study network for this research is 36.25 miles long compared to Dilmore’s 
(2005) 20 miles. Obtaining a single aerial for the entire study area was not practical and 
was not easy as it did not have a sufficient resolution to see detailed portions of the 
roadway. Therefore, the best solution for this was to obtain individual pieces of the aerial 
from the “Google Earth” program and then gather them into one master file using the 
“Adobe Photoshop” program. Great care was taken when extracting the aerials from 
Google Earth to ensure that the graphical scales of all individual pieces were identical as 
indicated by Gayah (2006). Once the entire network was gathered using individual 
aerials, they were overlaid against the low resolution image to ensure that there were no 
errors with the individual components that were used and that the roadway alignment was 
correct.  
Since PARAMICS only accepts *.dxf and *.bmp files as overlays, the master 
overlay was then saved as a *.bmp file to be imported into the simulation program. 
However, this file was too large to be imported (greater than 100 MB), so the master 
overlay had to be split into seven distinct segments to be imported into PARAMICS. A 
sample of one of the seven segments is shown in Figure 3-4. 
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Figure 3-4: One of Seven Distinct Sections of Aerial Photos Used in Network Construction from 
Gayah (2006) 
3.3.2 Network Geometric Layout 
It was decided in this research to code the eastbound and westbound directions 
separately as two different one-way roadways rather than a single two-way roadway. This 
decision was made for two reasons. The first reason is that the two directions had 
different speed limits and geometries that could only be properly modeled if the two 
directions were coded independently of each other.  
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The second one is much related to how a network is coded in PARAMICS and 
how vehicles behave in this network. If a one two-way roadway is used to define the 
freeway, the number of links will be doubled than that if two one-way roadways are used. 
Additionally, the network will also have to include many short links to properly place the 
entrance ramps (on-ramps). Each on-ramp is given a value for the awareness distance. 
This awareness distance defines how far upstream of the ramp vehicles on the mainline 
note the existence of the ramp and merge left in order to allow vehicles on the ramp to 
merge into the traffic stream. The maximum value for the awareness distance of any 
ramp cannot be greater than the length of the nearest link. Therefore, having a single 
roadway with many shorter links can result in improper vehicular behavior at the on-
ramps as there will not be sufficient gaps for vehicles to merge onto the freeway. 
Therefore, it is better to use two one-way roadways in the simulation process. 
The only drawback to using two one-way roadways to code the freeway is that it 
neglects the presence of “rubbernecking” or the reduction in capacity on one direction of 
the freeway due to situations (incidents) that occur on the other direction. The 
rubbernecking phenomenon is important as it has been proven to reduce the capacity of 
the freeway by as much as 12.7 % (Masinick and Teng, 2004). However, for this study 
the “rubbernecking” phenomenon was assumed to be negligible since no incident 
occurred during the simulation process. 
3.3.3 Creation of Nodes and Links 
After determining the network geometric overlay, the nodes that defined the links 
for each direction were first coded into the simulation. A node was created at every 
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location where the roadway changed its geometry (i.e. from a curved section to a straight 
section), number of lanes, speed limits, or a ramp entered the mainline. Each of the nodes 
was then connected using links, which represented the roadway that the simulated 
vehicles would use. Each link was assigned to a category that contained information 
about the number of lanes and speed limit on each link. Information about the number of 
lanes and curvature of each link was obtained using the Google Earth aerial maps.  The 
speed limit for each link was determined from the placement of speed limit signs that 
were found from watching a video stream of I-4 obtained from the Roadway 
Characteristics Information (RCI) obtained from the Mainframe Database operated by the 
Florida Department of Transportation (FDOT). Once the links were created, the next step 
was to adjust the kerb points in the links to match the real roadway geometry. Kerb points 
are locations on each link that define the shape of the link more specifically than simply 
using the nodes and curvature tools. Adjusting the kerb points is essential to ensure that 
the simulated vehicles move freely between links without interruption.  
3.3.4 Creation of Ramps 
PARAMICS includes a special function to code an on-ramp and another to code 
the deceleration lane that precedes an off-ramp. These two functions could only be used 
in specific cases and do not represent the majority of ramp types found on I-4. Therefore, 
most of the ramps in the network that could use the on-ramp or slip lane function were 
coded using these functions, while the rest was coded as a regular merge or diverge area. 
For more information, you can refer to Gayah (2006).   
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3.3.5 Creation of Zones and Adding Vehicles 
After creating nodes, links and ramps, the origin and destination zones of the 
network were created. Each origin and destination zone was simply represented by on-
ramps and off-ramps, respectively. Then after that, vehicles were loaded onto the network 
to test the vehicular behavior.  
3.3.6 Creation of Loop Detectors 
The simulated section of I-4 contains induction loop detectors. These loop 
detectors are embedded in the pavement (asphalt) and are spaced every 0.5 miles on the 
freeway. They give values of the average speed, volume and lane occupancy at 30-second 
intervals for the main freeway lanes. Therefore, in order to make sure that the data 
obtained from the PARAMICS simulated network match real-life data in the field, the 
detectors have to be placed in the same locations. The detector mileposts were obtained 
from the FDOT Roadway Characteristics Information (RCI) database.  
As previously indicated, throughout the majority of the study section, I-4 is a 6-
lane freeway. However, at some sections the roadway was widened to eight lanes. In 
these locations loop detectors exist in each lane but only information from three lanes is 
archived. These three lanes are considered to be the three “mainline” lanes. In most 
instances, these mainline lanes are the left-most lanes since vehicles typically enter and 
exit from ramps on the right-hand side of the freeway. However, on I-4, there are a few 
locations where left-hand ramps are present. For these locations, the three mainline lanes 
are considered to be the right-hand most lanes. In order to simplify the network creation 
procedure, loop detectors in the network were built over all lanes and the mainline lane 
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issue was resolved in the post-processing procedure. As will be explained, the post-
processing procedure involved converting the PARAMICS output to the loop detector 
data format that is archived. In this process, only the mainline information will be 
converted to ensure that the data obtained by loop detectors in the network is equivalent 
to that found in the field.  
3.3.7 Network Calibration 
Since we are using a micro-simulation model, therefore, we should use calibration 
and validation procedures. The calibration procedure involves changing pre-specified 
model parameters that affect driving behavior of the simulated vehicles to match the 
driving behavior of drivers in real-life.  A literature review shows that the values of these 
parameters are found by comparing the flow and travel time along the network (Bertini et 
al., 2002; Abdullhai et al., 2002; Trapp, 2002, and Stewart, 2001). The calibration 
parameters that are typically changed are mean headway and driver reaction time (Gardes 
et al., 2002; Abdulhai et al., 2002; Lee et al., 2004). 
3.3.7.1 Dhindsa (2006) Calibration Process 
In his previous study, Dhindsa (2006) created a 20-mile segment of Interstate-4, 
which is then expanded to the 36.25-mile section by Gayah (2006). This 36.25-mile 
segment is used in this study. Dhindsa calibrated his network using four parameters. 
These are: mean driver reaction time, mean headway, queuing distance and queue speed.  
The mean driver reaction time refers to the time drivers take to react to events around 
them such as merging vehicles or diverging vehicles coming into or out of their lane. The 
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mean headway refers to the average time gap that vehicles try to maintain while moving 
through the freeway. The queue speed is the maximum speed with which queuing 
behavior occurs. Queuing distance is the minimum distance between two vehicles that 
causes queuing behavior to end. It is to be noted that Gayah (2006) used Dhindsa’s four 
calibration parameters in his network (which is the same network used in this study). 
This calibration procedure used 5-min vehicular flows as well as 5-min vehicular 
speeds to calibrate the network. Although the use of vehicular flows has been seen in 
some previous studies, this was the first use of flows at such short time intervals (5-min) 
as well as the use of 5-min vehicular speeds.  
3.3.7.2 Calibration of OD Matrix 
Dhindsa’s process of calibration, which is mentioned in details in Gayah (2006) 
and Dhindsa (2006), consisted of the calibration of the origin-destination (OD) matrix 
and the calibration of flows and speeds.  The OD matrix was calibrated by first specifying 
trips that could have zeros in the matrix.  These include trips originating from off-ramps, 
trips ending at on-ramps, trips beginning and ending on different directions of the 
freeway and trips originating downstream of the destination point. None of these are 
possible to occur, so they were assigned zeros in the OD matrix.  Then, a simple gravity 
model was used to fill in the remaining OD matrix cells, and the cells with observed 
errors were adjusted iteratively until a minimum error was reached.  The final error of the 
OD matrix, comparing the simulated on-ramp and off-ramp volumes with those from the 
field, was 4.10 %.   
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3.3.7.3 Calibration of Vehicular Flows and Speeds 
After calibrating the OD matrix, Dhindsa (2006) looked at the vehicular flows and 
speeds.  The volumes from the simulation runs were compared to the real data obtained 
form the loop detectors embedded on I-4. The vehicular flows in the simulation were 
checked against the average real vehicular flows taken on Tuesdays, Wednesdays and 
Thursdays between September 20, 2003 and November 20, 2003.  The flows, which were 
initially lower than expected, were adjusted to get a more reasonable value. In Addition 
to this, plots were made that compared the average simulated speed and the average 
speed from the loop detectors in 5-minute intervals. These plots contained 10% error bars 
for the simulation data to show the acceptable range of speeds that the simulation data 
represented. One of these plots is shown in Figure 3-5. 
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Figure 3-5: Sample Plot Showing Real Average Speeds with 10% Error Bars and Simulated Speed 
from Dhindsa (2006) 
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Enormous values for the mean headway and the mean driver reaction time were 
selected to minimize the error in vehicular flows and speeds, while holding the queue 
speed and queue distance constant at 8 mph and 9 ft respectively.  These values for queue 
speed and queue distance were selected because increasing them tended to increase the 
continuity of queues at any location once formed.   
Based on the errors in vehicular flows and speed, the final mean headway and the 
final mean driver reaction time were chosen to be 1.00 seconds and 0.45 seconds 
respectively. These values were close to previous values used on a similar study 
performed by Dilmore (2005). It is to be noted that these values were found to be 
acceptable in the calibration of driver behavior along I-4. 
3.3.8 Updated Origin-Destination (OD) Matrix 
As previously indicated, Gayah (2006) used the same calibration procedure of 
Dhindsa (2006). But, this network is much longer than Dhindsa’s network. This is clear 
in the addition of several new on-ramps and off-ramps in both directions. Thus, the 
origin-destination (OD) matrix had to be updated for this network.  Gayah (2006) used a 
similar procedure to calibrate this network as Dhindsa used.  Zero counts were applied to 
impossible trips as indicated in Section (3.3.7.2). Gayah used traffic counts from the 
Florida Traffic Information (FTI) 2003 CD and hourly data obtained from the Center for 
Advanced Transportation Systems Simulation (CATSS). He used Dhindsa’s initial 
origin-destination matrix as a starting point for his updated origin-destination matrix. 
Gayah then applied a simple gravity model to complete the OD matrix.   
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Gayah (2006) found that the PARAMICS simulation did not show the expected 
queues in the downtown area when his OD matrix was applied.  The OD matrix was then 
modified to increase vehicles around the Interstate-4 / S.R. 408 interchange and at the 
terminal zones of the network. These modifications showed more accurate results as they 
served to induce congestion and form queues in their places as really observed in the 
field.   
3.3.9 Network Validation 
Once the updated OD matrix was completed, the next step is to perform the 
network validation process. The validation procedure was a brief one that was carried out 
to ensure the network’s integrity. Real data extracted from I-4 loop detectors during the 
period of September 23, 2003 to November 20, 2003 was checked against the output 
from PARAMICS.   
Twenty stations were selected to check the simulated data against the field data.  
These twenty stations were chosen based on loop data availability and location on the 
network, so as to get the best representation on the entire network.  The GEH statistic was 
used to compare these two sets of data. The GEH statistic is a modified chi-square 
measure that accounts for the relative and absolute difference in the observed (field) and 
simulated (PARMICS) traffic data. As indicated by Oketch and Carrick (2005), the GEH 
statistic is widely employed by PARAMICS users. The GEH statistic can be estimated at 
each location according to Equation (3.1). 
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where: 
“M” is the hourly flow rate obtained from the simulation; and 
 “O” is the hourly flow rate obtained from the field.   
To better understand the GEH statistic, we should understand its interpretations. 
A GEH statistic less than or equal to 5 represents a good fit of data. A GEH statistic 
between 5 and 10 can still be considered a good fit of data, but requires further 
investigation. A GEH statistic greater than 10 implies that the simulated flow rate is not a 
good fit of the observed flow rate. 
Ten simulations runs were run, and the flows were averaged to get an hourly flow 
rate at each of the twenty stations. These data were then compared to the data extracted 
from the loop detectors in the field. Table 3-1 shows the stations, observed flow rates, 
simulated flow rates and the GEH statistic that Gayah (2006) used to validate the 
network. 
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Table 3-1: Comparison of Observed vs. Simulated Flow Rates from Gayah (2006) 
Station 
Observed Flow 
Rate from 
Loop Data  
(veh/hr/lane) 
Simulated Flow 
Rate from 
PARAMICS 
(veh/hr/lane) 
GEH 
Statistic 
7 932 700 8.14 
18 1102 1031 2.17 
19 1104 1031 2.25 
20 1129 959 5.26 
21 1073 954 3.76 
22 1183 1006 5.35 
23 934 933 0.01 
24 1011 920 2.91 
26 914 994 2.59 
30 1380 1038 9.82 
34 1317 1316 0.01 
35 1304 1333 0.80 
36 1331 1251 2.22 
37 1342 1494 4.03 
41 1550 1748 4.87 
42 1535 1706 4.24 
43 1870 1884 0.33 
44 1520 1917 9.57 
49 1840 1791 1.15 
50 1849 1987 3.16 
52 1532 1581 1.24 
53 1549 1483 1.69 
56 1495 1514 0.50 
57 1411 1257 4.22 
61 1389 1250 3.83 
 
As shown from the table, 80 % of the loop detectors have a GEH statistic value 
less than 5. We can note that there are five stations having a GEH statistic between 5 and 
10. This means that there is a good fit of data, but further investigation should be carried 
out at these five stations. The average GEH is 3.36, which is less than 5.  Also, there is no 
station having a GEH statistic greater than 10. Therefore, Gayah’s (2006) updated origin-
destination matrix proves to be a good fit of the hourly flow rates observed in the field in 
order to induce queues in the downstream area. By this, the network is validated, and we 
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can now draw conclusions regarding the implementation of both Ramp Metering and 
Variable Speed Limits strategies.  
3.3.10 Implementation of Ramp Metering and VSL Strategies 
After finishing the network building that includes the two main processes, the 
network calibration and the network validation, we can now implement both ITS 
strategies. These are Ramp Metering and Variable Speed Limits strategies. The 
implementation of Ramp Metering strategy will be described in Section (3.3.10.1), and 
the implementation of Variable Speed Limits strategy will be described in Section 
(3.3.10.2). Figures 3-6 and 3-7 show real-life photos for implementing Ramp Metering 
and Variable Speed Limits in the field respectively. 
 
Figure 3-6: Real-Life Photo for Implementing Ramp Metering in the Field 
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Figure 3-7: Real-Life Photos for Implementing Variable Speed Limits in the Field      
3.3.10.1 Implementation of Ramp Metering Strategy 
It is to be noted that there are two types of ramp metering algorithms that are used 
in this study. These are the ALINEA algorithm and the Zone algorithm. In order for both 
methods to be implemented, some changes should be first made to the network. These 
changes included the lengthening of the on-ramps to include the full storage capacity 
since vehicles would be queued in the ramp while waiting for the metering strategy. 
Additionally, traffic signals were added to the merge area on the ramp which would act as 
the main control (or meter) in the ramp metering process. For the ALINEA ramp 
metering algorithm, those were all the changes that were needed. But, for the Zone ramp 
metering algorithm, meters were also added to the beginning of each ramp to measure the 
flow of vehicles onto the ramp. 
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3.3.10.1.1 ALINEA Ramp Metering Algorithm 
The ALINEA algorithm calculates the metering rate for a particular on-ramp on 
the freeway by using only occupancy measurements taken from the nearest loop detector 
downstream of the on-ramp in question. If the occupancy is higher than a pre-determined 
critical value, the metering rate is reduced to give time for the congestion to dissipate.  
To implement the ALINEA ramp metering algorithm, we should use special 
controls that are available in PARAMICS to model vehicle actuated signal controls (VA 
signals). The VA signals allow PARAMICS to access data obtained from loop detectors 
in the network. Then, based on an algorithm coded by the user, we can change the signal 
timing by changing the traffic flow. This is obvious in  the creation of the two files, the 
“phases” and the “plans” files. The “phases” file specifies which signal to be controlled, 
i.e.: which ramp to be metered and what detectors to be accessed by the metering 
algorithm (which are the nearest downstream loop detectors). The “plans” file defines the 
algorithm that will be used to change the signal timing. In this file, the occupancy values 
are calculated from the loop detectors in PARAMICS and the metering rate is changed as 
previously shown in Equation (2.3). Since the ALINEA controls are the same for each 
ramp, we should just write the code once, then it is copied for each consequent ramp.  
3.3.10.1.2 Zone Ramp Metering Algorithm 
As previously mentioned in Section (2.2.1), the Zone Ramp Metering Algorithm 
is a coordinated algorithm, and its main purpose is to balance the number of vehicles 
entering a freeway zone with the number of vehicles leaving. This is done using Equation 
(3.2) as indicated by Bogenberger and May (1999).  
M + A + U < B + X +S                                         (3.2) 
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where:  
“M” is the on-ramp flow rate through the metered ramps;  
“B” is the downstream bottleneck capacity (1800 - 2100 vehicles per hour per             
lane);  
“X” is the sum of the measured off-ramp flow rates;  
“S” is the spare capacity available on the mainline;  
“A” is the measured upstream mainline flow rate; and  
“U” is the measured sum of the un-metered on-ramps.  
 
By looking at Equation (3.2), we can note that “M” is the only variable that can be 
affected by ramp metering. Therefore, “M” is a function of the measured in-flow 
vehicular flow rate, out-flow vehicular flow rate and the spare capacity within the zone. 
The variable “M” will be updated every time period (every 5 minutes in this study) to 
determine the allowable flow rate of vehicles from metered on-ramps onto the freeway. 
Once “M” has been calculated, the metering rate (Rn) of each metered on-ramp is 
calculated using Equation (3.3).  
D
DMR nn
*=                                    (3.3) 
where: 
“Rn” is the metering rate for ramp n in vehicles/hour; 
“Dn”  is the vehicular flow rate entering ramp n; and 
“D” is the total number of vehicles wishing to enter the freeway through any of  
the metered on-ramps in the zone.  
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Once determined, the metering rate “Rn” is then checked against a defined 
minimum metering rate. If the proposed rate is less than the minimum metering rate, then 
the rate is set to the minimum metering rate. The minimum metering rate is determined 
based on the length of the ramp and the density of queued vehicles waiting on the on-
ramp. The main purpose of the minimum metering rate is allow vehicles to enter the 
freeway after a maximum waiting time of four minutes. Therefore, calculating the 
minimum metering rate is done by determining the number of vehicles that can be queued 
in the ramp and then dividing this value by four minutes. Once converted to vehicles per 
hour, the minimum metering rate for the ramp is now determined. 
Implementing the Zone algorithm was a much more difficult process than 
implementing the ALINEA algorithm due to the large amount of data required to 
calculate the respective metering rates. While the ALINEA algorithm requires just 
knowing the occupancy reading from the downstream detector, the Zone algorithm 
requires knowing speeds, densities and flow rates from multiple locations on the freeway 
as well as various on-ramps and off-ramps within the metered zone. It is to be noted that 
respective metering rates for on-ramps within a zone are all dependent on one another.  
For the Zone algorithm, Gayah (2006) wrote an API (Application Programmer 
Interface) code to control the signals. It is to be noted that this API code was written in 
the C++  language. 
3.3.10.2 Implementation of Variable Speed Limits Strategy 
The implementation of VSL in the simulated network requires two important 
factors (Cunningham, 2007). First, the important factors that comprise the VSL strategies 
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must be considered.  These factors must be totally capable of achieving the main 
objectives of VSL implementation. Second, it must be determined where and when to 
implement VSL strategy.  
3.3.10.2.1 Important VSL Factors 
The first thing to consider is the important factors that will comprise the VSL 
implementation strategies for this study. As previously indicated, these factors must be 
totally capable of accomplishing the main objectives of VSL implementation.  
3.3.10.2.1.1 Determining the Target Speed Limit 
There are lots of approaches that can be used for determining the target speed 
limit. You can refer to Cunningham (2007) in Section (3.5.1.1) for more information 
regarding these various approaches. It is to be noted that the approach used in this study 
for determining the target speed limit at the station of interest is to depend on the speed 
limit at that respective location. Thus, the speed limit at the station of interest would be 
changed based on its current posted speed limit. Also, the target speed is a function of the 
speed limit at that location. We can note that this approach is a dynamic approach that is 
applied to each location along the network. 
3.3.10.2.1.2 Homogeneous Speed Zones 
An important factor to be considered is the length over the network in which 
variable speeds limits will be applied. Lee (2004), Lee et al. (2006), Dilmore (2005) and 
Dhindsa (2006) used a set of fixed distances for implementing VSL. But, it is to be noted 
that a fixed distance is hard to justify as the best solution. This is due to the dynamic and 
stochastic characteristic of traffic flows as well as variation of traffic flows on freeways.  
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In order to apply a dynamic applicable distance for the VSL strategy, the concept 
of homogeneous speed zones was introduced (Cunningham, 2007). According to 
Cunningham (2007), a homogeneous speed zone is the collection of similar, contiguous 
segments of highway into homogeneous groups, based on average speed, and 
distinguished from other homogeneous groups. This concept is illustrated in Figure 3-8. 
Distance (miles) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Station 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 
Average 5-min 
Speed (mph) 
70 71 73 69 72 67 66 65 69 68 74 75 71 71 72 
 
Speed Zone (1) Speed Zone (2) Speed Zone (3) 
 
Figure 3-8: Concept of Homogeneous Speed Zones as shown in Cunningham (2007) 
2.5 miles 2.5 miles 2.5 miles 
 
The process of defining homogeneous speed zones as indicated by Cunningham 
(2007) involves taking the difference of the 5-minute average speeds at each station of 
interest and the station just upstream of it. This measure is known as the speed difference. 
The speed difference will be discussed in Section (3.3.10.2.2). If the speed difference at a 
given station is less than the speed zone threshold, then the current station of interest is 
considered part of the same homogeneous speed zone as the station upstream of it.  If the 
speed difference at the stations of interest is greater than or equal to the speed zone 
threshold, then the station of interest is the first station in a new speed zone. As shown in 
Figure 3-8, there are 15 stations (from station 20 to station 34), the spacing between each 
two successive stations is 0.5 mile. We can note that there are 3 homogeneous speed 
zones in this figure. Each zone is a 2.5-mile zone containing 5 stations. The speed zone 
threshold used in Figure 3-8 as an example was an average speed difference of 5 mph.  
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The speed difference between station 24 and station 25 is 5 mph (72 – 67 = 5 mph), thus, 
they are assigned in two different speed zones. Similarly, the speed difference between 
station 29 and station 30 is 6 mph (74 – 68 = 6 mph), thus, they are also assigned in two 
different speed zones. 
Thus, defining the speed difference threshold for the homogeneous speed zones is 
considered an essential factor in this study in order to properly analyze the sensitivity of 
this measure. 
3.3.10.2.1.3  Spatial Extent of VSL Implementation 
The spatial extent over which the variable speeds limits are applied is directly 
related to the length of the homogenous speed zone in which that speed limit falls 
(Cunningham, 2007). This is what we call the speed multiplier. This multiplier is a 
fraction of the speed zone or the entire speed zone  The spatial extent is considered 
dynamic because the homogeneous speed zones are redefined every 5 minutes in the 
simulation.  Therefore, the spatial extent is dynamic both in its location and in its point in 
time.   
3.3.10.2.1.4 Temporal Extent of VSL Implementation 
The final important factor that was considered was the temporal extent of the VSL 
implementation.  Most previous studies included fixed time periods of application such 
as: 2 min, 5 min, 10 min, 15 min and 30 min. Cunningham (2007) used a couple levels of 
time (5 and 10 minutes) to apply VSL on the same simulated network used in this study. 
Lee et al. (2006) found that the use of 5-min and 10-min time periods were the most 
effective.  When the network requires the change of speed limits, speed limits will be 
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changed to the target speed limit for the given time period and then returned to normal 
speed limits afterwards. However, if the network still requires variable speed limits at the 
end of the time period, variable speed limits can be immediately reapplied. Therefore, in 
this study, the temporal extent is not a maximum time period for application, but rather a 
minimum time before which the speeds have the ability to be changed back to its normal 
value. 
3.3.10.2.2 Speed Difference 
The speed difference is defined as the difference between the 5-minute average 
speed at the station upstream and the 5-minute average speed at the station of interest 
(Cunningham, 2007). The equation for estimating the speed difference is described in 
Equation (3.4). 
 FE SpeedAverageSpeedAverageFDifferenceSpeed −=)(                                   (3.4) 
where: 
“F” is the station of interest; and 
“E” is the station upstream of the station of interest. 
For further illustration, let’s look at Figure 3-9. 
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Figure 3-9: A Schematic Sketch of Freeway Layout for Illustrating Speed Difference Concept 
(Cunningham, 2007) 
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This study uses the same procedure of Cunningham (2007) for implementing 
VSL. That is, when the speed difference is greater than or equal to 7 mph, VSL is 
implemented. The reason for this is illustrated in Figure 3-10 as indicated by 
Cunningham (2007). 
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Figure 3-10: Change in Average Rear-End Crash Risk vs. Speed Difference at Station 20 E 1 from 
Cunningham (2007) 
 
From this figure, we can note that there is an abrupt increase in the average rear-
end crash risk after a speed difference of 7 mph. This 7 mph speed difference is shown to 
be the critical speed difference at station 20 E 1.  This critical speed difference is the best 
point at which VSL should be implemented to overcome the sudden increase in crash 
risk. For more information, you can refer to Cunningham (2007).  
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And, in general, this cutoff speed difference value (7 mph) will be used to 
implement VSL strategy across the entire network in conjunction with Ramp Metering 
strategy. 
3.3.10.2.3 Coding VSL in PARAMICS 
According to Cunningham (2007), to implement variable speed limits, there are 
three basic steps needed: (1) Collection of pertinent data, (2) Decision to implement 
based on present conditions, and (3) The application of variable speed limits. 
Cunningham (2007) wrote an API code using C++ to do all of these three steps and 
effectively apply variable speed limits based on changing traffic conditions. For more 
information regarding this API coding, you can refer to Cunningham (2007).   
3.3.10.2.4 Combining Ramp Metering and VSL Codes in PARAMICS 
For combining Ramp Metering and VSL codes together, the author combined the 
Zone algorithm code written by Gayah (2006) with the VSL code written by Cunningham 
(2007) in order to implement both of these ITS strategies simultaneously over the 
simulated network. As previously indicated, there is no coding for the ALINEA 
algorithm, however, the ALINEA algorithm is built in the “phases” and the “plans” files.  
3.4 Simulation Time Period 
In PARAMICS, each simulation run starts at 15:45, and ends at 19:00. So, each 
run simulates 3 hours of vehicular traffic flow on I-4 (the first 15 minutes is just a warm-
up period). This 3-hour period represents the peak pm period on I-4, which is the best 
time to simulate the 90 percent loading scenarios. This is the worst time period on I-4, in 
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which it suffers much congestion. This allows us to capture the worst traffic behavior on 
I-4. 
3.5 PARAMICS Output 
PARAMICS has two types of outputs, global and point-specific. Global output is 
data taken from the entire network and do not rely on specific locations in the network. 
Such output includes travel time (total Vehicle Hours Traveled - VHT), total distance 
traveled (total Vehicle Miles Traveled – VMT) and total number of vehicles on the 
network at any time. Point-specific data are collected from specific locations on the 
network, such as loop detectors.  Point-specific data can include some measures such as: 
flow, speed, headway, occupancy, acceleration, gap and density.  
In the network, loop detectors were placed in the same locations as on I-4.  This is 
important for two reasons.  First, it is convenient that the simulated network and I-4 have 
the same locations for loop detectors so that PARAMICS output for applying both Ramp 
Metering and VSL can be effectively implemented in the field without any need for re-
configuration.  Secondly, the crash risk models were created from data extracted from the 
I-4 loop detectors, so the identification of crash risk in the simulated network should be 
estimated for the same locations to accurately simulate the real I-4 network. However, 
PARAMICS output from loop detectors is inconvenient for crash risk analysis.  The loop 
detectors’ data on I-4 are 30-second average speeds, flows and occupancies across each 
lane. But, PARAMICS outputs the speed and occupancy data at every detector at every 
instant the vehicle completely crosses the detector. In order to compare the two, the 
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PARAMICS output must be post-modified to convert the loop data into 30-second 
averages.   
This is accomplished by using a Visual Basic macro written in Microsoft Excel.  
The macro goes through the data line by line and groups the data into 30-second time 
intervals. Within those groups, it then computes the average speed, volume, and 
occupancy.  Once completed, the macro outputs the data in exactly the same format as 
that collected in the field.  The disadvantage of the macro is that it requires a lot of time.  
While a typical simulation run takes between 20 to 80 minutes to run in the PARAMICS 
Processor mode, running the macro for a single set of output data takes from 1 to 5 hours, 
depending on the processing power of the computer. 
Once the PARAMICS output has been successfully converted into loop data 
format, it must also be converted into 5-minute averages in order to be applied to the 
crash risk models. Therefore, another macro was written to group the 30-second averages 
into 5-minute intervals and compute the average, standard deviation and coefficient of 
variation for speed, volume and occupancy. However, this macro has a much shorter 
runtime than the first macro. The second macro is performed at about 30 to 90 minutes 
for each run. Due to the large number of scenarios and multiple runs performed per 
scenario, multiple computers were used to run these macros. 
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4 CHAPTER 4.  EXPERIMENTAL DESIGN  
4.1 Introduction to the Experimental Design 
The main purpose of the experimental design used in this study is to evaluate the 
effects of the combination of both ramp metering and variable speed limits strategies on 
the real-time safety of an urban freeway using the PARAMICS microscopic simulation 
program.  
The experimental design is an organized and tabulated work used to evaluate the 
crash risk over multiple locations on the simulated network. The likelihood of crashes 
occurring at a particular location or section of a roadway is used as the variable of interest 
in this study. This variable of interest (likelihood of crashes, expressed as rear-end and 
lane-change crash risk) - as estimated by the neural networks (Pande and Abdel-Aty, 
2006) - is plotted against the time period and the detector location to illustrate the 
locations that show benefit and locations that show no benefit using the combination of 
both ramp metering and variable speed limits strategies. We can note that it is impossible 
to include the occurrence of crashes on a simulated network since it is impossible for a 
computer system to determine when and where a crash will occur. Instead, when using 
simulation packages researchers look to other surrogate measurable variables that have a 
known relationship to traffic crashes. These surrogate measures of traffic safety do not 
directly depend on the frequency of crashes and instead reflect the behavior of all the 
vehicles traveling in the traffic stream.  
Some surrogate measures used in safety aspects include simple variables such as 
mean speed or speed variance (Gettman and Head, 2003). Other more complicated safety 
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variables described in this work are Time to Collision and Post Encroachment Time. A 
lot of researchers spent much time developing models which use these surrogate 
measurable values as inputs to describe crash risk on a roadway. These models would 
then be used to describe the level of safety on a network during the simulation.  
An example for these models comes from researchers at the University of Central 
Florida who created a measure of crash risk based on a logistic regression model 
developed using within stratum matched sampling and real-time traffic variables taken 
from loop detectors embedded in the freeway (Abdel-Aty et al., 2004). This measure was 
used in studies that assessed the change in the crash risk based on the implementation of 
variable speed limits (Dilmore, 2005) and localized ramp metering (Dhindsa, 2006).  
Pande and Abdel-Aty (2006) created neural network models through the use of 
random sampling to determine the real-time risk of rear-end and lane-change crash risks. 
These models include explicit variables to account for location (instead of implicit 
variables accounting for location). They produce rear-end and lane-change crash risk 
values that can be compared across location. This will provide a better view of the rear-
end and lane-change crash risk along the freeway.  
This study will focus on these neural network models presented by Pande and 
Abdel-Aty (2006) to describe the rear-end and lane-change crash risk along the Interstate-
4 freeway.  
4.2 Measures of Effectiveness (MOE) 
There are two measures of effectiveness used in this study. These are SAFETY 
and MOBILITY. The first and primary MOE is SAFETY. SAFETY in this study is given 
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in terms of two crash risk measures. The first measure is the rear-end crash risk. The rear-
end crash risk MOE is stated in terms of the Overall Rear-End Risk Change Index 
(ORERCI). The second measure is the lane-change crash risk. The lane-change crash risk 
MOE is stated in terms of the Overall Lane-Change Risk Change Index (OLCRCI). So, it 
is required in this study to decrease the rear-end and the lane-change crash risks as much 
as possible to increase safety benefits across the simulated network. 
The second MOE is MOBILITY. MOBILITY is given in terms of the travel time. 
It is also required in this study to decrease the travel time through the network. But, the 
travel time is not our main concern. We are much more concerned about the safety 
aspects. So, if we found that there are cases that increase safety benefits across the 
network, but they increase the travel time through the network, then it is still 
recommended to use these cases, since our main concern is to decrease the crash risk 
along the I-4 freeway. But, the increase in travel time should not exceed a cutoff value of 
3 %. There is no scientific reason beyond choosing this value, but it is just a reasonable 
value used in this study. 
So, in general, we have three MOEs, these are: the rear-end crash risk, the lane 
change crash risk and the travel time. These measures are discussed in details in Sections 
(4.2.1), (4.2.2) and (4.2.3) respectively.  
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4.2.1 Identification of Rear-End Crash Risk 
A recent research done by Pande and Abdel-Aty (2006) found that rear-end 
crashes are occurring within one of two distinct traffic regimes. These traffic regimes 
cannot be defined as simply high speed or low speed as was the research done by Abdel-
Aty et al. (2005) which found that crashes occur within two separate speed conditions: 
high speed and low speed. However, to describe these two distinct regimes, a 
classification tree model was created that used freeway speeds at different locations 
around the station of interest as an input. This classification tree model used speed data 
taken from 5 to 10 minutes before the crash occurrence (Pande and Abdel-Aty, 2006). 
The input data in the classification tree model were classified into seven distinct 
leaves. Each of these leaves had a different percentage of regime 1 crashes and regime 2 
crashes. 
So, if any leaf had a percentage of regime 1 crashes that was greater than 0.50, 
then that leaf was assumed to follow regime 1 crashes, otherwise, the leaf was said to 
follow regime 2 crashes. 
Figure 4-1 shows a summary of the classification tree model as well as the 
associated percentages of regime 1 and regime 2 crash conditions for each leaf.  
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Figure 4-1: Classification Tree for Determining Regime Conditions for Traffic Data (Pande, 2005) 
 
To better understand each variable in Figure 4-1, it is beneficial to understand the 
format of the loop data that are used to calculate these variables. These loop data give the 
average speed, volume and lane occupancy every 30 seconds for each of three lanes on 
the freeway. All the variables listed above are calculated for a time period of 5 minutes. 
Therefore, each variable takes into account 30 data points since there are 10 observations 
for each of the three lanes in the 5-minute period.  
The first letter in each variable’s name denotes the measure that is calculated from 
the 30 data points. The letter “A” refers to the average, the letter “S” refers to the 
standard deviation and the letter “CV” refers to the coefficient of variation. 
The coefficient of variation (CV) equals the standard deviation divided by the 
average value. The next letter refers to which measure is being captured. The letter “O” 
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refers to the lane occupancy, the letter “S” refers to the speed and the letter “V” refers to 
the volume. The final letter refers to which station is used to calculate this value. Figure 
4-2 shows referencing of stations by letter. If we assume that station F is the station of 
interest, so, stations A through E are located upstream of the station of interest while 
stations G and H are located downstream of the station of interest. Since each station is 
0.5 mile apart, station E represents the station 0.5 mile upstream of the station of interest, 
and station D represents the station 1 mile upstream of the station of interest. 
 
Figure 4-2: Time-Space Diagram of Time and Location of Interest (Gayah, 2006) 
 
The last number at the end of the variable’s name refers to the time period over 
which this value is calculated. The time period used for all variables in this measure of 
rear-end crash risk is time period 2, which refers to the time 5 to 10 minutes before the 
crash occurrence. Therefore, it is now possible to understand the variable’s coding. For 
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example, ASE2 refers to the average speed 0.5 mile upstream of the station of interest 
(F), 5 to 10 minutes before the crash occurrence. Another example, ASH2 refers to the 
average speed 1 mile downstream of the station of interest (F), 5 to 10 minutes before 
crash occurrence. 
4.2.1.1 Crash Frequencies in Regime 1 and Regime 2 Conditions  
It was found that 45.8% of all rear-end crashes occur during regime 1 conditions, 
while the remaining 54.2% occur during regime 2 conditions. Random non-crash data 
were then subjected to the classification tree model, and it was found that regime 1 
conditions were prevalent in 6.3% of the random non-crash data, while regime 2 
conditions were prevalent in the remaining 93.7%. This shows that regime 1 is more risky 
than regime 2 since nearly 46% of the crashes occurred in situations that were only seen 
6% of the time on the freeway. 
4.2.1.2 Using Neural Networks to Determine Rear-End Crash Risk  
Once the rear-end crashes are categorized into their own regimes (either regime 1 
or regime 2), the modeling procedure begins. Based on Pande (2005), separate models are 
created to describe the crash risk in regime 1 and regime 2 conditions. Classification tree 
models are used to identify factors that are significantly associated with rear-end crashes 
within each regime. These factors include both on-line factors (loop detector variables 
describing the currently conditions on the roadway) and off-line factors (variables 
describing location and geometry along the roadway). After determining the significant 
factors, neural network models are created. The neural network model consists of several 
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independent processing units (also called nodes). These nodes have the capability of 
storing data and making it available for use by other nodes. The basic structure for a 
neural network involves an input layer of nodes, a hidden layer of nodes and an output 
layer of nodes. Each node is connected to other nodes in the previous and the following 
layer. Each connection has its interconnection weight. The number of nodes in the hidden 
layer is the most important factor affecting the performance of neural networks. The 
model procedure performed by Pande and Abdel-Aty (2006) considered using from 1 to 
10 nodes (in 1 node increment) in the hidden layer to determine the best case.  
The final outcome from these neural networks was posterior models to determine 
the rear-end crash risk when traffic conditions are within regime 1 conditions and another 
to determine the rear-end crash risk in regime 2 conditions. The posterior probability of a 
random event (crash) is the conditional probability of the event occurring taking into 
account the relevant evidence of the dataset used to create the model. These posterior 
models determine the rear-end crash risk at a particular location 5 to 10 minutes before 
crash occurrence. Therefore, there is sufficient time to prevent crash occurrence through 
the use of various ITS strategies (e.g. ramp metering and variable speed limit strategies). 
For regime 1, the best model created to determine the posterior probability of 
crash occurrence consisted of the following variables:  
• AOF2  
• CVSF2  
• SOF2  
• SVF2  
• base_milepost  
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• downstreamon  
• upstreamoff  
• downstreamoff  
The first four variables are derived directly from loop detector data.  The most 
significant variable in the model is AOF2 (Pande, 2005), which is the average occupancy 
at the station of interest, 5 to 10 minutes before the time of interest.  Increasing the 
occupancy at the station of interest significantly increases the risk of crash occurrence 
during regime 1 conditions. The final four variables are categorical variables derived 
from off-line information describing the location of the point of interest.  The values for 
these variables are summarized in Table 4-1. 
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Table 4-1: List of Categorical Variables Used to Determine Rear-End Crash Risk from Pande (2005)  
 
 
From Table 4-1, the variables are defined as follows: time (CRASHTIME), the 
milepost of the location being analyzed (BASE_MILEPOST), the distance from this 
location to the nearest upstream off-ramp (UPSTREAMOFF), nearest downstream on-
ramp (DOWNSTREAMON), nearest downstream off-ramp (DOWNSTREAMOFF), and 
whether or not the location being analyzed is location upstream or downstream of the 
nearest loop detector station (STATIONF). The main objective of these variables is to 
take into account location and geometry in the model, which will then allow the crash 
risk to be compared across locations.   
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For regime 2, the best model created to determine the posterior probability of 
crash occurrence was much more complex. This model used data from the station of 
interest (Station F) as well as the stations included up to one mile upstream and one mile 
downstream of the station of interest.  This is attributed to the difference in the two 
regimes; 1 and 2.  Regime 1 represents congested situation, where only the station of 
interest needs to be examined.  There is a lack of speed difference among neighboring 
stations in this condition due to traffic congestion.  Regime 2 considers un-congested 
situations where the speeds are much higher and the factors can change from one station 
to another. Important factors in these situations include speed difference between 
upstream and downstream stations and speed variance at various stations.  The variables 
used in regime 2 model consisted of the following variables: 
• ASD2  
• AVD2  
• ASE2  
• AVE2  
• SSE2  
• ASF2  
• AVF2  
• ASG2  
• SOG2  
• SSG2  
• SVG2  
• AOH2  
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• ASH2  
• AVH2  
• crashtime  
• downstreamon  
• upstreamoff  
• downstreamoff  
• base_milepost  
• stationf 
In this model, ASG2 and ASF2 were the most influential variables. This is logic 
since the occurrence of rear-end crashes is caused primarily by faster moving vehicles 
approaching slower moving vehicles. The off-line variables included in the model are the 
same as those in regime 1 model, and they were previously described in Table 4-1. 
4.2.1.3 Combining Regime 1 and 2 Posterior Probabilities to Assess Crash Risk 
Bsed on Gayah (2006), having two separate crash risk models, based on regime 1 
or 2, causes some problems.  The biggest problem with having two models is that they 
are non comparable to each other.  Since they are not on the same scale, values outputted 
from one model can only be compared to values outputted from the same model. 
Therefore, if traffic conditions change from regime 1 to regime 2, or vice versa, crash 
risks cannot be compared across that time period, even for the same location. If the two 
models are non comparable, then there is no way of knowing if the implemented 
strategies are increasing or decreasing the rear-end crash risk on the freeway, and this 
causes a serious problem in assessing safety benefits across the simulated network. 
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Therefore, some methods should be used to transform the output of the two models into a 
single measure that can be used to assess the crash risk. 
Gayah (2006) expanded on Pande’s (2005) models using three different methods 
to combine the rear-end crash risk from regime 1 and regime 2 into a single, comparable 
probability. These three methods are discussed in details in Gayah (2006), but in this 
study, only the best method found for combining regime 1 and regime 2 crash risks will 
be focused on. The best method considered standardizing (normalizing) the output of the 
two models in order to normalize the scales of the models. Gayah (2006) used a simple 
standardization procedure that forces the mean of the distribution to be equal to zero and 
the standard deviation to be equal to one. The procedure involves normalizing the risk by 
subtracting the mean from it and then dividing by the standard deviation, as shown 
below. 
Risk
RiskRiskRiskNorm σ
−=_                                       (4.1) 
Gayah (2006) suggested two methods for evaluating the mean and standard 
deviation used in the normalized risk calculation for each regime model. The first method 
was to use the mean and standard deviation of the traffic data from each regime 
respectively (i.e.: regime 1 mean and standard deviation for regime 1 conditions, and 
regime 2 mean and standard deviation for regime 2 conditions). The second method was 
to use the mean and standard from all random traffic situations, whether they are regime 
1 or regime 2. The normalized risk values for each model were denoted as 
“[normalization method]_[risk model]”.  For example, N1_R2 represents the output of  
regime 2 model that is normalized using the first method.   
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Gayah (2006) further argued that since the output of regime 1 and regime 2 
models are posterior probabilities (the probability of having a regime 1 or regime 2 crash 
given those conditions), it makes sense to compute a weighted average of the normalized 
regime 1 risk (N1_R1 or N2_R1) and normalized regime 2 risk (N1_R2 or N2_R2) based 
on the probability of the traffic conditions being regime 1 or regime 2.  The probability of 
the traffic conditions being regime 1 is represented by “a”, and the probability of the 
traffic conditions being regime 2 is represented by “1 – a”.  He described each risk as 
follows: 
)2_1(*)1()1_1(*3_ RNaRNaBRisk −+=                                  (4.2) 
)2_2(*)1()1_2(*3_ RNaRNaCRisk −+=                                 (4.3) 
As shown in the previous twp equations, Risk_3B uses the first normalization 
method to determine the normalized rear-end crash risks, and Risk_3C uses the second 
normalization method to determine the normalized rear-end crash risks. When compared 
to each other, Gayah (2006) found that Risk_3C provided not only the best measure from 
a practical perspective, but also Risk_3C provided the higher risk during regime 1 
conditions from a statistical perspective as well. He used Risk_3C as his overall, 
combined rear-end crash risk measure, which could be used to compare rear-end crash 
risks over any regime model at any location and at multiple locations. Therefore, in this 
study, Risk_3C measure will be used as the combined rear-end crash risk measure 
(Gayah, 2006). 
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4.2.2 Identification of Lane-Change Crash Risk 
Pande and Abdel-Aty (2006) also modeled the lane-change crash risk using neural 
networks.  Lane-change crashes on freeways include sideswipe crashes as well as angle 
crashes occurring in the leftmost or center lanes, since these crashes typically occur due 
to lane-changing maneuvers. Pande and Abdel-Aty (2006) did not find lane-change 
crashes to occur in different regimes (as was the case in the rear-end crashes). So, they 
used only one model to describe the lane-change crash risk. This makes the analysis of 
the lane-change crash risk much more easier. The lane-change crash risk was normalized 
so that both crash risks (rear-end and lane-change) would have equivalent scales. The 
output of the lane-change crash risk model was normalized by subtracting the mean and 
then dividing by the standard deviation. The normalized lane-change crash risk now has a 
mean of zero and a standard deviation of one. 
Since the lane-change crash risk is dependent on the occupancy in different lanes 
across the freeway, variables that take individual lane occupancies into account were also 
considered in addition to aggregate variables that describe the traffic across all three 
lanes.  As previously indicated, a classification tree was used to describe the significant 
variables that affect lane-change crashes on the freeway.  The variables that were found 
to be significant are: 
• ASW2 
• ASU2 
• AOW2 
• ADALOU2 
• SVW2 
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• SSW2 
The nomenclature used to describe the lane-change variables is the same as the 
rear-end variables’ nomenclature, but there are two differences. The first difference is the 
location reference. For lane-change variables, the location is referenced by U or W, 
which refers to the area upstream or downstream the location of interest respectively.  
The second difference is the inclusion of the variable ADALOU2. This is a unique 
variable that describes the difference in occupancy between adjacent lanes. It is defined 
in Equation (4.4) below.  In this equation, LO, CO and RO represent the occupancies in 
the left, center and right lanes respectively.   
∑
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4.2.3 Travel Time 
After discussing the SAFETY MOE, the MOBILITY MOE will now be 
discussed, which is stated in terms of the travel time. The travel time that will be used as 
a measure of effectiveness in this study is the overall network travel time. It is to be noted 
that PARAMICS reports the overall travel time of the network in total Vehicle-Hours 
Traveled (VHT) through the whole simulation period (3 hours). This value is calculated 
by summing the travel time of each vehicle over the entire network and over the whole 
simulation time. 
It is expected that the implementation of both Ramp Metering and Variable Speed 
Limits strategies can increase the network travel time. First of all, Ramp Metering 
directly affects the travel time by delaying vehicles on the on ramps before they are 
allowed to enter the freeway. Also, the implementation of Variable Speed Limits can 
 74
have some effect on the network travel time. On the first hand, one can think that 
lowering speed limits can increase travel times. However, it is observed that the 
implementation of Variable Speed Limits strategy can produce a smoother flow of traffic 
on the freeway, which will accordingly decrease the network travel time. In selecting the 
best cases, we should pick the cases that reduce both the rear-end and the lane-change 
crash risks, in addition that there is a decrease in the network travel time. However, if 
there is a decrease in the rear-end and the lane-change crash risks, and an increase in the 
travel time that does not exceed 3 %, then we can apply these cases. This value (3 %) is 
small enough that it will not significantly hinder the network users and can be sacrificed 
to improve the overall safety of the freeway. But, if the increase in the travel time 
exceeds 3 %, then these cases are disregarded from our selection for the best cases. 
4.3 Network Loading Scenarios 
In this study, three loading scenarios were used in the network to test the effects 
of the implementation of combining Ramp Metering and Variable Speed Limits  
strategies at different congestion levels. These three loading scenarios are: 60 %, 80 % 
and 90 %. Sixty percent loading represents free-flow conditions, eighty percent loading 
represents conditions approaching congestion and ninety percent loading represents 
typical congestion. These three loading scenarios almost represent all of traffic pattern 
fluctuations occurring within a given time period. So, these three loading scenarios 
simulate traffic conditions very well in PARAMICS. 
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4.4 Preliminary Experimental Design 
4.4.1 Implementation of Ramp Metering Everywhere and VSL Everywhere 
Tables 4-2 and 4-3 show the preliminary experimental design used to combine 
Ramp Metering strategy with VSL strategy for implementing Ramp Metering everywhere 
and VSL everywhere for the 60, 80 and 90 percent loadings. This experimental design 
combines the best Ramp Metering scenarios from Gayah (2006) and the best VSL 
scenarios from Cunningham (2007) for the 60, 80 and 90 percent loadings. Three runs 
were used for each case as a preliminary number of runs to capture the best cases. Then, 
to account for variation in the results, much more runs (10 runs) with different seed 
numbers were used later on to focus only on the best cases. This helps to analyze them 
much more precisely. 
The best Ramp Metering strategy as indicated by Gayah (2006) is using the 
ALINEA algorithm in non downtown areas and the Zone algorithm in downtown areas. 
The ALINEA algorithm cycle length is 30 seconds, and the critical occupancy is 0.17, 
while the Zone algorithm cycle length is 60 seconds. But, it has to be noted that Gayah 
(2006) uses this best Ramp Metering strategy for the 90 percent loading only. He showed 
that Ramp Metering strategy was much more significant for 90 and 100 percent loadings. 
And since the 60 and 80 percent loadings are tested, the best Ramp Metering strategy 
from the 90 percent loading is used for the 60 and 80 percent loadings as well (as a 
preliminary experimental design). 
The best VSL strategy as indicated by Cunningham (2007) is decreasing the speed 
limit by 5 mph upstream the station of interest, and increasing the speed limit by 5 mph 
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downstream the station of interest. The speed zone definition is 2.5 and 5 mph. The speed 
change distance is 0.5 and 1 speed zone, i.e. the VSL strategy is implemented over half 
the distance of each speed zone, and also over the full distance of each speed zone. The 
speed change time is 5 and 10 minutes. These strategies were the best scenarios for the 
60, 80 and 90 percent loadings. It has to be noted that decreasing the speed limit by 5 
mph upstream the station of interest, and increasing the speed limit by 5 mph downstream 
the station of interest concurs with Dilmore’s (2005) conclusions about reducing the 
crash risk. 
Table 4-2: Best VSL Strategy Scenarios for the Preliminary Experimental Design for the 60, 80 and 
90 Percent Loadings for Implementing Ramp Metering Everywhere and VSL Everywhere 
Scenario     ID 
Speed    Change 
Implementation 
Speed    Zone      
Definition (mph) 
Speed   Change 
Distance 
Speed    Change    
Time (min)  
1 -5 / +5 2.5 0.5 10 
2 -5 / +5 2.5 0.5 5 
3 -5 / +5 2.5 1 10 
4 -5 / +5 2.5 1 5 
5 -5 / +5 5 0.5 10 
6 -5 / +5 5 0.5 5 
7 -5 / +5 5 1 10 
8 -5 / +5 5 1 5 
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Table 4-3: Best Ramp Metering Strategy Scenarios for the Preliminary Experimental Design for the 
60, 80 and 90 Percent Loadings for Implementing Ramp Metering Everywhere and VSL Everywhere 
Scenario     ID 
Ramp    Metering 
Algorithm 
Cycle    Length     
for ALINEA (sec) 
Critical    
Occupancy 
Cycle   Length    
for Zone (sec) 
1, 2, 3, 4, 5, 6, 7 and 8 
ALINEA Non 
Downtown / Zone 
Downtown  30 0.17 60 
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4.4.2 Implementation of Ramp Metering Downtown and VSL Everywhere 
Tables 4-4 and 4-5 show the preliminary experimental design used to combine 
Ramp Metering strategy with VSL strategy for implementing Ramp Metering downtown 
and VSL everywhere for the 60, 80 and 90 percent loadings. As indicated in Section 
(4.4.1), this experimental design combines the best Ramp Metering scenarios from Gayah 
(2006) and the best VSL scenarios from Cunningham (2007) for the 60, 80 and 90 
percent loadings. Also, 3 runs were used for each case as a preliminary number of runs to 
capture the best cases, and then much more runs (10 runs) were used later on to focus 
only on the best cases, and to analyze them much more precisely. 
The best Ramp Metering strategy as indicated by Gayah (2006) is using the Zone 
algorithm ONLY in downtown area. The Zone algorithm cycle length is 60 seconds. It is 
to be noted that downtown area is equivalent to zone 3 (Gayah, 2006). A schematic 
sketch for applying Ramp Metering in downtown area is shown in Figure 4-3. 
43 32 
Eastbound Travel Direction 
Zone 3 (Downtown) 
34 33 35 36 37 
I-4 / S.R. 408 Interchange
38 40 41 42 
 
Figure 4-3: A Schematic Sketch for Applying Zone Ramp Metering Algorithm in Downtown ONLY 
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The best VSL strategy as indicated by Cunningham (2007) is decreasing the speed 
limit by 5 mph upstream the station of interest, and increasing the speed limit by 5 mph 
downstream the station of interest. The speed zone definition is 2.5 and 5 mph. The speed 
change distance is 0.5 and 1 speed zone. The speed change time is 5 and 10 minutes. 
These strategies were the best scenarios for the 60, 80 and 90 percent loadings.    
Table 4-4: Best VSL Strategy Scenarios for the Preliminary Experimental Design for the 60, 80 and 
90 Percent Loadings for Implementing Ramp Metering Downtown and VSL Everywhere 
Scenario     ID 
Speed    Change 
Implementation 
Speed   Zone     
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
9 -5 / +5 2.5 0.5 10 
10 -5 / +5 2.5 0.5 5 
11 -5 / +5 2.5 1 10 
12 -5 / +5 2.5 1 5 
13 -5 / +5 5 0.5 10 
14 -5 / +5 5 0.5 5 
15 -5 / +5 5 1 10 
16 -5 / +5 5 1 5 
 
 
Table 4-5: Best Ramp Metering Strategy Scenarios for the Preliminary Experimental Design for the 
60, 80 and 90 Percent Loadings for Implementing Ramp Metering Downtown and VSL Everywhere 
Scenario     ID Ramp    Metering Algorithm Cycle   Length        for Zone (sec) 
9, 10, 11, 12, 13, 14, 15 and 16 Zone 60 
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4.5 Final Experimental Design 
The final experimental design includes exactly the same cases as the preliminary 
experimental design for the three loading scenarios (60, 80 and 90 percent loadings). The 
only difference is using much more runs (10 runs) for the best cases that are picked from 
the preliminary analysis stage. However, if there are some unfavorable results, 
adjustments will be used to improve them through some trials. These trials include the 
change of some variables in the preliminary experimental design. For example, the cycle 
length for the Zone algorithm, the speed change time and the speed change 
implementation. It is to be noted that 3 runs will be used at the beginning. So, if these 
trials succeeded in improving these unfavorable results, much more runs (10 runs) will be 
used in order to be more precise. 
4.6 Number of Simulation Runs 
Due to the stochastic nature of the PARAMICS micro-simulation package, we 
should use more than 1 run for each test case. Stochastic nature means that the same input 
parameters do not lead to the same results each time the simulation is run. Thus, multiple 
runs are needed for each test case in order to precisely capture variations in between runs. 
For each run, a different random seed number is used which defines the rest of the 
random numbers used by PARAMICS.  
The following equation is used to determine the number of simulation runs 
needed to be confident in the estimate of variance for each case. 
2* ⎟⎠
⎞⎜⎝
⎛= EsxN                                                       (4.5)  
 81
where: 
“N” is the number of simulation runs needed; 
“x” is the statistical factor related to the level of confidence desired; 
“s” is a measure of the standard deviation of the data for a treatment; and  
“E” is the allowable standard error for the runs.   
It is to be noted that an “x” value of 1.645 was used for the 95 % confidence level 
(one-tailed test). The allowable standard error (E) used for the rear-end crash risk was 
assumed to be 0.05, which is about 1.11 % of the range of rear-end crash risks, which is 
(-1.0, 3.5). The rear-end crash risk data are mainly used in this equation since they have 
much more variance than the lane-change crash risk data. 
For the preliminary experimental design, 3 runs are used for each case as a 
preliminary number of runs just to capture the best cases. Once capturing the best cases, 
much more runs (10 runs) are used for these best cases to analyze them much more 
deeply later on for the final experimental design. But, if this equation indicated that more 
than 10 runs should be used, the required number of runs will be used.  
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5 CHAPTER 5.  PRELIMINARY RESULTS 
5.1 Analyzing Simulation Runs 
The first way to view the effect of a test case on the crash risk is to average the 
crash risk profiles over the number of runs and display them by time step. These average 
crash risks are used in the comparison between different cases and the BASE case. A 
single rear-end and lane-change crash risk profile was created for each case. This single 
crash risk profile has a value of the crash risk at every station and time that is equal to the 
average of the crash risk values at the respective station and time over the number of 
simulation runs performed at this particular case. Equation (5.1) shows the calculation of 
the average crash risk profile. 
∑
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  where: 
“(Risk_profile)t l” is the average crash risk over the number of runs for time t and location 
l; 
“N” is the number of runs required for a particular test case; and 
“(Risk)t r l” is the crash risk for time t, run r and location l for this particular test case. 
Another way to view the effect of a test case on the crash risk is to average the 
crash risk profiles over time and the number of simulation runs and display them by 
location. Equation (5.2) shows the calculation of the average crash risk profile. 
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where: 
“(Average_Risk)l” is the crash risk averaged by both time and number of simulation runs 
at location l; 
“T” is the total number of time periods that the risk is calculated during the simulation 
process;  and 
“(Risk_profile)t l” is the average crash risk over the number of runs for time t and location 
l. 
It is to be noted that “T” in Equation (5.2) equals 36, as there are 36 5-minute 
periods in the 3-hour simulation time. 
It is to be noted that there are two crash risk values calculated for each loop 
detector station. The first value is calculated for the area just upstream of the loop 
detector station, while the second value describes the crash risk just downstream of the 
detector station. Each loop detector station consists of 2 numbers and 1 letter, or more 
precisely, a number followed by a letter then another number. The first number identifies 
the loop detector station; the following letter represents the direction of the freeway being 
considered (which is “E” in this study since this study focuses solely on the eastbound 
travel direction); and the last number represents whether the area is upstream or 
downstream of the loop detector station. The number “0” represents the upstream area, 
while “1” represents the downstream area. For example, location 48 E 0 refers to the area 
directly upstream of station 48 in the eastbound direction. It is to be noted that station 39 
does not exist.  
For analyzing results, the more comprehensive plot “average crash risk vs. 
location” will be used first to identify which cases are effective in reducing crash risk on 
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the network, and more specifically, which areas receive the highest benefit. These areas 
will be investigated more closely, and a student’s t-test will be used to determine whether 
the change in crash risk due to the implementation of both Ramp Metering and VSL 
strategies is significant or not. As indicated in Section (4.2), the benefit will be evaluated 
using the two measures of effectiveness; the Overall Rear-End Risk Change Index 
(ORERCI) and the Overall Lane-Change Risk Change Index (OLCRCI). The ORERCI is 
the sum of the difference in rear-end crash risk between the base case and each case 
across the effected areas. Similarly, OLCRCI is the sum of the difference in lane-change 
crash risk between the base case and each case across the effected areas. This sum 
includes both positive and negative differences.  A positive difference is a difference in 
which the case was able to lower the crash risk more than the BASE case.  When several 
cases are found to have significantly beneficial effects, both ORERCI and OLCRCI can 
be used to determine which case had the highest effect. 
The second type of plot (crash risk profile vs. time step) will then be used to 
assess that the crash risk is reduced in time through the whole 3-hour simulation period.  
In addition, the third measure of effectiveness (the travel time) will also be used for the 
best cases that show positive potential.  That is, if a case is found to significantly reduce 
the crash risk throughout the simulation time, then its effect on the network travel time 
will also be investigated as a secondary measure of effectiveness. So, if we found that 
there are cases that increase safety benefits across the network, but they increase the 
travel time through the network, then it is still recommended to use these cases, since our 
main concern is to decrease the crash risk along the I-4 freeway. But, the increase in 
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travel time should not exceed a cutoff value of 3 %.  And of course, a case that can 
reduce both crash risk and network travel time will be most highly regarded. 
5.2 Preliminary Experimental Design Results 
Sections (5.2.1), (5.2.2) and (5.2.3) show the interpretation of the results from the 
preliminary experimental design performed for implementing “Ramp Metering 
everywhere and VSL everywhere” and “Ramp Metering downtown and VSL 
everywhere” for the 60, 80 and 90 percent loadings respectively. 
5.2.1 60 Percent Loading Scenario 
The 16 different cases previously shown in Tables 4-2 & 4-3, and 4-4 & 4-5 were 
run at the 60 percent loading, which simulates non-congested, free-flow conditions. 
These cases were run to test whether or not the combination of both Ramp Metering and 
VSL strategies could help reduce the crash risk (both rear-end and lane-change crash 
risks) during non-congested conditions on Interstate-4. 
Since Ramp Metering strategy is used both “everywhere” and “downtown”, we 
should interpret each of them solely. Section (5.2.1.1) shows the interpretation of results 
for implementing Ramp Metering everywhere and VSL everywhere, and Section 
(5.2.1.2) shows the interpretation of results for implementing Ramp Metering downtown 
and VSL everywhere. Each of these sections is interpreted for both the rear-end crash risk 
and the lane-change crash risk. It is to be noted (as previously indicated) that the rear-end 
crash risk and the lane-change are the measures of effectiveness for this research, and our 
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main objective is to reduce the rear-end and the lane-change crash risks as much as 
possible. 
5.2.1.1 Ramp Metering Everywhere and VSL Everywhere (Cases 1 to 8)  
5.2.1.1.1 Rear-End Crash Risk 
The rear-end crash risk is analyzed first to see if any, some or all of the 8 cases 
can significantly reduce the rear-end crash risk on Interstate-4. Figure 5-1 shows the plot 
of the average rear-end crash risk over each location for the base case as well as cases 1 
to 8. 
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Figure 5-1: Average Rear-End Crash Risk vs. Location for Cases 1 to 8 
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As shown in the figure, there is hardly any noticeable difference between the base 
case and the 8 cases. But, let’s focus on the 7.5-mile stretch extending from station 28 to 
station 43. This section has the highest observed difference. The remaining stations have 
almost no obvious difference. 
Figure 5-2 shows the plot of the average rear-end crash risk from station 28 to 43 
for cases 1 to 8. 
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Figure 5-2: Average Rear-End Crash Risk vs. Location (Stations 28 to 43) for Cases 1 to 8 – 
Magnified 
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As shown in the figure, we can hardly notice any difference between the base case 
and the 8 cases, but let’s focus once more on the 1.5-mile stretch extending from station 
35 to station 38. Figure 5-3 shows this magnified plot. 
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Figure 5-3: Average Rear-End Crash Risk vs. Location (Stations 35 to 38) for Cases 1 to 8 – 
Magnified 
 
From the first look at this plot, we can note that there is a decrease in the average 
rear-end crash risk for all the 8 cases compared to the base case. But, we need to assess 
this statistically, i.e. we need to test whether there is a significant decrease in the rear-end 
crash risk or not. The appropriate test that should be used is the student’s t-test. 
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The average crash risks for each case over stations 35 to 38 are compared to the 
average crash risks over the same stations for the base case. Table 5-1 summarizes the t-
test, along with the Overall Rear-End Risk Change Index (ORERCI). 
Table 5-1: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 35 to 38 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 35 to 38) 
1.433 1.357 1.400 1.384 1.346 1.338 1.345 1.400 1.268 
Crash Risk Benefit --- 0.076 0.033 0.049 0.087 0.095 0.088 0.033 0.165 
T-Statistic 
(Significance of 
Change) 
--- 0.266 0.116 0.169 0.306 0.334 0.311 0.116 0.588 
                    
ORERCI --- 0.605 0.265 0.388 0.696 0.761 0.705 0.266 1.317 
 
It is seen from the table that all the cases have a positive ORERCI. This means 
that all the 8 cases have an ORERCI less than the base case. The t-critical value, using 
alpha = 0.05 (95 percent confidence interval), is 1.645. Since none of the 8 cases have a t-
statistic greater than the t-critical (1.645), we conclude that the resulting decrease is not 
considered statistically significant. So, none of the 8 cases is considered statistically 
significant in reducing the average rear-end crash risk when compared with the base case. 
But, let’s look once more on the wider stretch extending from station 28 to 43. 
Table 5-2 summarizes the t-test, along with the Overall Rear-End Risk Change Index 
(ORERCI). 
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Table 5-2: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 28 to 43 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 28 to 43) 
0.880 0.841 0.849 0.846 0.826 0.818 0.824 0.851 0.792
Crash Risk Benefit --- 0.039 0.031 0.034 0.054 0.062 0.056 0.029 0.088
T-Statistic 
(Significance of 
Change) 
--- 0.141 0.111 0.123 0.195 0.224 0.203 0.103 0.323
                    
ORERCI --- 1.172 0.925 1.032 1.620 1.860 1.681 0.866 2.643
 
It is seen from the table that all the cases also have a positive ORERCI. This 
means that all the 8 cases have an ORERCI less than the base case. Once more, we 
conclude that the resulting decrease is not considered statistically significant since all the 
t-statistic values are less than 1.645. So, none of the 8 cases is considered statistically 
significant in reducing the average rear-end crash risk when compared with the base case. 
To test whether there is a significant difference (decrease or increase) in the 
average rear-end crash risk for the remaining stations between the base case and cases 1 
to 8, another t-test is performed. It is to be noted that the whole network was divided into 
five sections that are nearly homogeneous in trend. Tables 5-3, 5-4, 5-5 and 5-6 
summarize the t-test for the remaining four sections, along with the ORERCI values. 
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Table 5-3: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 4 to 15 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 4 to 15) 
-0.642 -0.660 -0.659 -0.658 -0.664 -0.659 -0.655 -0.662 -0.657 
Crash Risk Benefit --- 0.018 0.017 0.016 0.022 0.017 0.013 0.020 0.015 
T-Statistic 
(Significance of 
Change) 
--- 0.257 0.244 0.225 0.309 0.243 0.189 0.287 0.213 
                    
ORERCI --- 0.435 0.412 0.378 0.519 0.408 0.320 0.481 0.357 
 
Table 5-4: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 16 to 19 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 16 to 19) 
-0.616 -0.652 -0.672 -0.645 -0.651 -0.637 -0.648 -0.660 -0.631 
Crash Risk Benefit --- 0.036 0.056 0.029 0.035 0.022 0.032 0.044 0.015 
T-Statistic 
(Significance of 
Change) 
--- 0.281 0.431 0.229 0.274 0.171 0.255 0.346 0.120 
                    
ORERCI --- 0.287 0.446 0.232 0.279 0.173 0.259 0.353 0.120 
 
Table 5-5: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 20 to 27 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 20 to 27) 
-0.314 -0.322 -0.344 -0.333 -0.342 -0.341 -0.342 -0.353 -0.314 
Crash Risk Benefit --- 0.007 0.030 0.019 0.028 0.026 0.028 0.039 0.000 
T-Statistic 
(Significance of 
Change) 
--- 0.090 0.369 0.227 0.345 0.325 0.339 0.475 0.005 
                    
ORERCI --- 0.120 0.484 0.298 0.451 0.423 0.441 0.621 0.006 
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Table 5-6: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 44 to 67 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 44 to 67) 
-0.008 -0.004 -0.005 -0.007 -0.019 -0.012 -0.008 -0.012 -0.013 
Crash Risk Benefit --- -0.004 -0.003 -0.001 0.012 0.005 0.000 0.005 0.006 
T-Statistic 
(Significance of 
Change) 
--- 0.019 0.015 0.005 0.061 0.024 0.000 0.024 0.030 
                    
ORERCI --- -0.176 -0.139 -0.045 0.564 0.222 0.002 0.227 0.277 
 
From these tables, we can see that there is no t-statistic greater than the t-critical 
(1.645). Thus, there is no significant difference (no significant increase or decrease) in 
the average rear-end crash risk for the remaining stations between the base case and cases 
1 to 8. Therefore, in terms of the average rear-end crash risk; cases 1 to 8 do not have any 
significant effect on the network. But, we still need to see the overall cumulative 
ORERCI for the 8 cases over the entire network. Table 5-7 summarizes the cumulative 
ORERCI for the 8 cases over the entire network. 
Table 5-7: Cumulative ORERCI for cases 1 to 8 over the Entire Network 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Cumulative ORERCI --- 1.837 2.128 1.896 3.432 3.086 2.702 2.547 3.404
 
From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative ORERCI. Thus, the implementation of Ramp 
Metering and VSL everywhere did good job in reducing the average rear-end crash risk, 
although shown to be statistically nonsignificant. 
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5.2.1.1.2 Lane-Change Crash Risk 
After analyzing the first measure of effectiveness (rear-end crash risk), it’s time 
now to analyze the second measure of effectiveness (lane-change crash risk). Figure 5-4 
shows the plot of the average lane-change crash risk over each location for the base case 
as well as cases 1 to 8. 
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Figure 5-4: Average Lane-Change Crash Risk vs. Location for Cases 1 to 8 
 
As shown in the figure, there is hardly any noticeable difference between the base 
case and the 8 cases. In fact, there are two positively affected sections by these cases 
throughout the whole network. The first section extends over an 8.5-mile stretch from 
station 14 to station 31. The second section extends over a 5-mile stretch from station 34 
to station 44. The remaining stations have almost no obvious difference.  
Figures 5-5 and 5-6 show the plot of the average lane-change crash risk from 
station 14 to 31 and from station 34 to 44 respectively for cases 1 to 8. 
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Figure 5-5: Average Lane-Change Crash Risk vs. Location (Stations 14 to 31) for Cases 1 to 8 – 
Magnified 
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Figure 5-6: Average Lane-Change Crash Risk vs. Location (Stations 34 to 44) for Cases 1 to 8 – 
Magnified 
 
As shown in the two figures, all the 8 cases have much lower average lane-change 
crash risk than the base case. However, we still need to assess this statistically. So, it is 
desirable to know if the decrease in the average crash risk is statistically significant or 
not. In order to correctly answer this question, a student’s t-test is performed for each of 
the 8 cases and the base case.  
The average crash risks for each case over stations 14 to 31, and over stations 34 
to 44 are compared to the average crash risks over the same stations for the base case. 
Tables 5-8 and 5-9 summarize the t-test, along with the Overall Lane-Change Risk 
Change Index (OLCRCI). 
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Table 5-8: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 14 to 
31 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 14 to 31) 
0.207 0.001 -0.039 -0.015 -0.032 -0.011 -0.017 -0.049 0.025 
Crash Risk Benefit --- 0.205 0.246 0.221 0.239 0.217 0.223 0.255 0.182 
T-Statistic 
(Significance of 
Change) 
--- 3.237 3.869 3.645 3.890 3.568 3.619 4.132 3.023 
                    
OLCRCI --- 7.396 8.848 7.970 8.607 7.824 8.042 9.197 6.548 
 
 
Table 5-9: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 34 to 
44 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 34 to 44) 
0.961 0.924 0.952 0.937 0.934 0.936 0.919 0.958 0.906 
Crash Risk Benefit --- 0.037 0.009 0.024 0.026 0.024 0.042 0.003 0.055 
T-Statistic 
(Significance of 
Change) 
--- 1.644 0.421 1.070 1.163 1.033 1.821 0.139 2.346 
                    
OLCRCI --- 0.738 0.179 0.472 0.528 0.489 0.838 0.058 1.098 
 
 
It is seen from these two tables that all the cases have a positive OLCRCI. This 
means that all the 8 cases have an OLCRCI less than the base case. From Table 5-8, it is 
obvious that all the 8 cases have a t-statistic greater than the t-critical (1.645). Thus, the 
resulting decrease in the lane-change crash risk for all the 8 cases is considered 
statistically significant. From Table 5-9, we can note that not all the 8 cases are 
statistically significant. The statistically significant cases are cases 1, 6 and 8 (having a t-
statistic greater than or equal to 1.645). It is to be noted that case 1 is considered 
statistically significant since the t-statistic is nearly equal to 1.645. 
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The problem now is how to pick the best cases. If we pick the best cases from 
Table 5-8 or Table 5-9 only, then this is not the best solution to pick the best cases as the 
significant cases from these two tables may be significant in the negatively affected 
sections. This is what we call “crash migration” phenomenon. Crash migration is defined 
as having significant decrease in some areas and consequently significant increase in 
some other areas. Thus, we must pick the best cases from adding the OLCRCI values for 
the stations that show a decrease in the lane-change crash risk, i.e. for Tables 5-8 and 5-9, 
but in complement with two important thresholds to overcome crash migration 
phenomenon. These two thresholds are:  
a. The best case(s) from adding the OLCRCI values for the stations that show a 
decrease in the lane-change crash risk for Tables 5-8 and 5-9 should not be 
significant in the negatively affected sections to resist crash migration. 
b. The cumulative OLCRCI over the entire network should be a positive value.  
Adding the OLCRCI values for the stations that show a decrease in the lane-
change crash risk, i.e. for Tables 5-8 and 5-9, we can obtain a cumulative OLCRCI value. 
This is shown in Table 5-10. 
Table 5-10: Cumulative OLCRCI for Cases 1 to 8 from Adding OLCRCI Values from Tables 5-8 
and 5-9 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Cumulative OLCRCI --- 8.134 9.026 8.442 9.134 8.313 8.881 9.256 7.647
 
Therefore, cases 7 and 4 are considered the 2 best cases respectively in reducing 
the average lane-change crash risk when implementing Ramp Metering everywhere and 
VSL everywhere. We can note that cases 4 and 7 were not significant in decreasing the 
average lane-change crash risk from Table 5-9, but when adding the OLCRCI values 
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from Tables 5-9 and 5-10, the cumulative OLCRCI value is relatively higher than other 
cases. 
We still need to test that cases 4 and 7 are not significant in the negatively 
affected sections, and we also need to see the cumulative OLCRCI values over the entire 
network. 
It is to be noted that the whole network was divided into five sections that are 
nearly homogeneous in trend. Tables 5-11, 5-12 and 5-13 summarize the t-test for the 
remaining three sections, along with the OLCRCI values. 
Table 5-11: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 4 to 
13 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 4 to 13) 
-1.764 -1.720 -1.732 -1.711 -1.724 -1.732 -1.733 -1.727 -1.733 
Crash Risk Benefit --- -0.044 -0.033 -0.053 -0.040 -0.033 -0.031 -0.038 -0.031 
T-Statistic 
(Significance of 
Change) 
--- 0.602 0.456 0.724 0.552 0.451 0.424 0.526 0.433 
                    
OLCRCI --- -0.884 -0.651 -1.069 -0.797 -0.650 -0.619 -0.752 -0.628 
 
 
 
 
 
 
 
 99
Table 5-12: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 32 to 
33 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 32 to 33) 
0.863 0.815 0.800 0.795 0.807 0.802 0.797 0.791 0.787 
Crash Risk Benefit --- 0.049 0.063 0.069 0.057 0.062 0.067 0.072 0.077 
T-Statistic 
(Significance of 
Change) 
--- 0.170 0.213 0.235 0.195 0.211 0.233 0.244 0.274 
                    
OLCRCI --- 0.194 0.252 0.274 0.227 0.247 0.266 0.289 0.306 
 
 
Table 5-13: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 45 to 
67 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 45 to 67) 
0.138 0.138 0.138 0.131 0.122 0.148 0.134 0.137 0.154 
Crash Risk Benefit --- 0.000 0.000 0.007 0.016 -0.010 0.004 0.001 -0.016 
T-Statistic 
(Significance of 
Change) 
--- 0.001 0.001 0.043 0.092 0.060 0.024 0.005 0.099 
                    
OLCRCI --- -0.007 0.010 0.330 0.715 -0.457 0.183 0.042 -0.754 
 
From these three tables, we can see that there is no t-statistic greater than the t-
critical (1.645). Thus, there is no significant difference (no significant increase or 
decrease) in the average lane-change crash risk for the remaining stations between the 
base case and cases 1 to 8. The cumulative OLCRCI over the entire network is shown in 
Table 5-14. 
Table 5-14: Cumulative OLCRCI for cases 1 to 8 over the Entire Network 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Cumulative OLCRCI --- 7.438 8.637 7.977 9.280 7.452 8.710 8.835 6.571
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From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative OLCRCI. Thus, the implementation of Ramp 
Metering and VSL everywhere did good job in reducing the average lane-change crash 
risk, and the best 2 cases are cases 7 and 4, respectively. 
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
case 4 and case 7 are plotted in Figure 5-7. 
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Figure 5-7: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, it is clear that there are lots of variations for the average lane-
change crash risk over time. Also, from this figure, it is obvious that cases 4 and 7 can 
effectively reduce the average lane-change crash risk over time at station 20 E 0. We can 
also note that case 7 is much better than case 4, as almost all the average lane-change 
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crash profile for case 7 is less than the base case. But, for case 4, there is a very little 
increase in the average lane-change crash risk when compared to the base case.  
Therefore, cases 7 and 4 are deemed the 2 best cases respectively when 
implementing Ramp Metering and VSL strategies everywhere at the 60 percent loading. 
But, since we are still in the preliminary analysis stage (where only 3 runs were used), it 
is not enough to capture only the 2 best cases. However, we should capture all the best 
cases to use more runs for each of them. So, the best cases here are all the 8 cases since 
these 8 cases are all significant in reducing the average lane-change crash risk as 
indicated in Table 5-8, in addition that they are not significant in increasing the average 
lane-change crash risk in the negatively affected sections, and the cumulative OLCRCI 
values over the entire network are all positive for these 8 cases. 
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5.2.1.2 Ramp Metering Downtown and VSL Everywhere (Cases 9 to 16)  
5.2.1.2.1 Rear-End Crash Risk 
Figure 5-8 shows the plot of the average rear-end crash risk over each location for 
the base case as well as cases 9 to 16. 
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Figure 5-8: Average Rear-End Crash Risk vs. Location for Cases 9 to 16 
 
As shown in the figure, there is hardly any noticeable difference between the base 
case and the 8 cases. In fact, there is one positively affected section by these cases 
throughout the whole network. This section extends over a 7.5-mile stretch from station 
28 to station 43. This section has the highest observed difference. The remaining stations 
have almost no obvious difference. 
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Figure 5-9 shows the plot of the average rear-end crash risk from station 28 to 43 
for cases 9 to 16.  
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Figure 5-9: Average Rear-End Crash Risk vs. Location (Stations 28 to 43) for Cases 9 to 16 – 
Magnified 
 
As shown in the figure, there is not much difference between the 8 cases and the 
base case, but it looks like there is a little decrease in the average rear-end crash risk. But, 
we still need to assess this statistically. So, it is desirable to know if the decrease in the 
average crash risk is statistically significant or not. In order to answer this question, a 
student’s t-test is performed for each of the 8 cases and the base case.  
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The average crash risks for each case over stations 28 to 43 are compared to the 
average crash risks over the same stations for the base case. Table 5-15 summarizes the t-
test, along with the Overall Rear-End Risk Change Index (ORERCI). 
Table 5-15: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 28 to 43 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 28 to 43) 
0.880 0.820 0.824 0.816 0.826 0.829 0.825 0.846 0.819
Crash Risk Benefit --- 0.060 0.056 0.064 0.055 0.051 0.055 0.035 0.061
T-Statistic 
(Significance of 
Change) 
--- 0.219 0.206 0.233 0.198 0.186 0.201 0.125 0.223
                    
ORERCI --- 1.809 1.693 1.920 1.644 1.543 1.664 1.040 1.836
 
From this table, we can note that all the 8 cases have a positive ORERCI; this 
means that all the 8 cases are beneficial to the network. However, none of these cases are 
considered significant, as none of these cases has a t-statistic greater than 1.645.  
To test whether there is a significant difference (decrease or increase) in the 
average rear-end crash risk for the remaining stations between the base case and cases 9 
to 16, another t-test is performed. It is to be noted that I divided the whole network into 
four sections that are nearly homogeneous in trend. Tables 5-16, 5-17 and 5-18 
summarize the t-test for the remaining three sections, along with the ORERCI values. 
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Table 5-16: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 4 to 12 
Test Case ID 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15   Base 
Case 
16 
Average Crash Risk 
(Stations 4 to 12) 
-0.617 -0.616 -0.615 -0.615 -0.615 -0.613 -0.614 -0.621 -0.615 
Crash Risk Benefit --- -0.001 -0.002 -0.002 -0.002 -0.004 -0.003 0.004 -0.002 
T-Statistic 
(Significance of 
Change) 
--- 0.010 0.018 0.022 0.022 0.043 0.037 0.047 0.025 
                    
ORERCI --- -0.016 -0.028 -0.035 -0.035 -0.067 -0.058 0.073 -0.040 
 
Table 5-17: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 13 to 27 
Test Case ID 
 Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 13 to 27) 
-0.475 -0.507 -0.501 -0.502 -0.505 -0.506 -0.507 -0.521 -0.506 
Crash Risk Benefit --- 0.031 0.026 0.027 0.030 0.030 0.032 0.046 0.030 
T-Statistic 
(Significance of 
Change) 
--- 0.424 0.352 0.356 0.399 0.408 0.434 0.620 0.411 
                    
ORERCI --- 0.944 0.784 0.797 0.887 0.912 0.965 1.387 0.915 
 
Table 5-18: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 44 to 67 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 44 to 67) 
-0.008 -0.002 -0.003 -0.010 -0.007 -0.014 -0.006 -0.009 -0.010 
Crash Risk Benefit --- -0.006 -0.005 0.003 -0.001 0.006 -0.001 0.001 0.002 
T-Statistic 
(Significance of 
Change) 
--- 0.031 0.024 0.015 0.005 0.032 0.007 0.006 0.010 
                    
ORERCI --- -0.288 -0.222 0.136 -0.046 0.300 -0.063 0.054 0.095 
 
From these tables, we can see that there is no t-statistic greater than the t-critical 
(1.645). Thus, there is no significant difference (no significant increase or decrease) in 
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the average rear-end crash risk for the remaining stations between the base case and cases 
9 to 16. Therefore, in terms of the average rear-end crash risk; cases 9 to 16 do not have 
any significant effect on the network. But, we still need to see the overall cumulative 
ORERCI for the 8 cases over the entire network. Table 5-19 summarizes the cumulative 
ORERCI for the 8 cases over the entire network. 
Table 5-19: Cumulative ORERCI for Cases 9 to 16 over the Entire Network 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Cumulative ORERCI --- 2.448 2.228 2.818 2.450 2.688 2.507 2.555 2.806
 
From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative ORERCI. Thus, the implementation of Ramp 
Metering downtown and VSL everywhere was effective in reducing the average rear-end 
crash risk, although shown to be statistically nonsignificant. 
5.2.1.2.2 Lane-Change Crash Risk 
Figure 5-10 shows the plot of the average lane-change crash risk over each 
location for the base case as well as cases 9 to 16. 
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Figure 5-10: Average Lane-Change Crash Risk vs. Location for Cases 9 to 16 
 
As shown in the figure, there are two positively affected sections by these cases 
throughout the whole network. The first section extends over an 8.5-mile stretch from 
station 14 to station 31. The second section extends over a 5-mile stretch from station 34 
to station 44. The remaining stations have almost no obvious difference.  
Figures 5-11 and 5-12 show the plot of the average lane-change crash risk from 
station 14 to 31 and from station 34 to 44 respectively for cases 9 to 16. 
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Figure 5-11: Average Lane-Change Crash Risk vs. Location (Stations 14 to 31) for Cases 9 to 16 – 
Magnified 
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Figure 5-12: Average Lane-Change Crash Risk vs. Location (Stations 34 to 44) for Cases 9 to 16 – 
Magnified 
 
From these two figures, there is a trend of a decrease in the average lane-change 
crash risk for the 8 cases when compared to than the base case. However, we still need to 
assess this statistically. So, it is desirable to know if the decrease in the average crash risk 
is statistically significant or not. In order to correctly answer this question, a student’s t-
test is performed for each of the 8 cases and the base case.  
The average crash risks for each case over stations 14 to 31, and over stations 34 
to 44 are compared to the average crash risks over the same stations for the base case. 
Tables 5-20 and 5-21 summarize the t-test, along with the Overall Lane-Change Risk 
Change Index (OLCRCI). 
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Table 5-20: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 14 
to 31 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 14 to 31) 
0.207 0.001 0.013 0.027 -0.004 -0.006 -0.013 -0.024 -0.004 
Crash Risk Benefit --- 0.206 0.194 0.180 0.211 0.213 0.219 0.231 0.211 
T-Statistic 
(Significance of 
Change) 
--- 3.386 3.195 2.945 3.430 3.450 3.622 3.782 3.385 
                    
OLCRCI --- 7.427 6.973 6.491 7.589 7.667 7.897 8.313 7.582 
 
Table 5-21: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 34 
to 44 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 34 to 44) 
0.961 0.918 0.917 0.919 0.922 0.930 0.931 0.944 0.916 
Crash Risk Benefit --- 0.043 0.044 0.042 0.039 0.030 0.030 0.017 0.045 
T-Statistic 
(Significance of 
Change) 
--- 1.857 1.916 1.795 1.748 1.321 1.383 0.792 2.029 
                    
OLCRCI --- 0.866 0.874 0.831 0.780 0.608 0.597 0.345 0.906 
 
It is seen from these two tables that all the cases have a positive OLCRCI. This 
means that all the 8 cases have an OLCRCI less than the base case. From Table 5-20, it is 
obvious that all the 8 cases have a t-statistic greater than the t-critical (1.645). Thus, the 
resulting decrease in the lane-change crash risk for all the 8 cases is considered 
statistically significant. Further illustrating the reason for the significance of these eight 
cases in reducing the average lane-change crash risk for station 14 to station 31 can be 
attributed to the fact that the zone algorithm here is applied downtown only (zone 3) (i.e. 
from station 32 to station 43). So, metering the ramps in this area only eliminates the 
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effect of having a backward shockwave that can extend in the upstream side of stations 
32 to 43. So, stations upstream of station 32 are more capable of reducing the crash risk.  
From Table 5-21, we can note that not all the 8 cases are statistically significant. 
The statistically significant cases are: 9, 10, 11, 12 and 16 (having a t-statistic greater 
than 1.645). We can note that metering the ramps in the downtown area only (zone 3; 
from station 32 to 43) has positive effect on this downstream area itself, not upstream of 
it only. This can be attributed to the fact that the 60 percent loading represents free-flow 
conditions along the freeway, where the spacing between cars is relatively large and the 
traffic density is relatively small. We can note that the downstream area of the downtown 
area is not congested, and thus, the downtown area (stations 32 to 43) can have a 
reduction in the crash risk. This is not the case in the 90 percent loading, where 
congestion takes place, the spacing between cars is relatively small and the traffic density 
is relatively large. Thus, downstream of the metered downtown area may be congested, 
and accordingly, a backward shockwave can take place. Thus, the likelihood of having 
positive effect in the 90 percent loading along the downtown stations (stations 32 to 43) 
is very difficult to occur. 
We should pick the best cases that significantly decrease the crash risk in addition 
not to be significant in the negatively affected sections (to resist “crash migration” 
phenomenon), and also the cumulative overall crash risk over the entire network is 
positive. Adding the OLCRCI values for the stations that show a decrease in the lane-
change crash risk, i.e. for Tables 5-20 and 5-21, we can obtain a cumulative OLCRCI 
value. This is shown in Table 5-22. 
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Table 5-22: Cumulative OLCRCI for Cases 9 to 16 from Adding OLCRCI Values from Tables 5-20 
and 5-21 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Cumulative OLCRCI --- 8.294 7.847 7.322 8.369 8.274 8.494 8.658 8.488
 
Therefore, cases 15 and 14 are considered the 2 best cases respectively in 
reducing the average lane-change crash risk when implementing Ramp Metering 
downtown and VSL everywhere. We can note that cases 14 and 15 were not significant in 
decreasing the average lane-change crash risk from Table 5-21, but when adding the 
OLCRCI values from Tables 5-20 and 5-21, the cumulative OLCRCI value is relatively 
higher than other cases. 
We still need to test that cases 14 and 15 are not significant in the negatively 
affected sections, and we also need to see the cumulative OLCRCI values over the entire 
network. 
It is to be noted that the whole network was divided into five sections that are 
nearly homogeneous in trend. Tables 5-23, 5-24 and 5-25 summarize the t-test for the 
remaining three sections, along with the OLCRCI values. 
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Table 5-23: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 4 to 
13 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 4 to 13) 
-1.764 -1.716 -1.707 -1.710 -1.740 -1.732 -1.720 -1.683 -1.722 
Crash Risk Benefit --- -0.048 -0.057 -0.054 -0.024 -0.032 -0.045 -0.081 -0.042 
T-Statistic 
(Significance of 
Change) 
--- 0.639 0.768 0.731 0.336 0.446 0.613 1.082 0.588 
                    
OLCRCI --- -0.960 -1.149 -1.084 -0.485 -0.650 -0.892 -1.622 -0.850 
 
Table 5-24: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 32 
to 33 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 32 to 33) 
0.863 0.784 0.807 0.806 0.777 0.780 0.807 0.785 0.809 
Crash Risk Benefit --- 0.080 0.057 0.057 0.087 0.083 0.057 0.079 0.054 
T-Statistic 
(Significance of 
Change) 
--- 0.284 0.199 0.204 0.307 0.293 0.200 0.273 0.190 
                    
OLCRCI --- 0.319 0.227 0.230 0.346 0.333 0.227 0.315 0.218 
 
Table 5-25: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 45 
to 67 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 45 to 67) 
0.138 0.147 0.138 0.139 0.135 0.128 0.129 0.145 0.144 
Crash Risk Benefit --- -0.009 0.000 -0.002 0.002 0.010 0.009 -0.007 -0.006 
T-Statistic 
(Significance of 
Change) 
--- 0.054 0.002 0.009 0.015 0.057 0.054 0.043 0.037 
                    
OLCRCI --- -0.412 0.014 -0.069 0.111 0.444 0.417 -0.328 -0.284 
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From these three tables, we can see that there is no t-statistic greater than the t-
critical (1.645). Thus, there is no significant difference (no significant increase or 
decrease) in the average lane-change crash risk for the remaining stations between the 
base case and cases 9 to 16. 
The cumulative OLCRCI over the entire network is shown in Table 5-26. 
Table 5-26: Cumulative OLCRCI for cases 9 to 16 over the Entire Network 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Cumulative 
OLCRCI --- 7.241 6.939 6.398 8.342 8.401 8.246 7.023 7.572 
 
From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative OLCRCI. Thus, the implementation of Ramp 
Metering downtown and VSL everywhere did good job in reducing the average lane-
change crash risk, and the best 2 cases are cases 15 and 14 respectively. Thus, the 
implementation of Ramp Metering downtown and VSL everywhere did good job in 
reducing the average lane-change crash risk in addition to be proven statistically 
significant in some areas across the network. This was also the same result from the 
analysis of the rear-end crash risk, but without being statistically significant.  
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
case 14 and case 15 are plotted in Figure 5-13. 
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Figure 5-13: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, it is clear that there are lots of variations for the average lane-
change crash risk over time. Also, from this figure, it is obvious that cases 14 and 15 can 
effectively reduce the average lane-change crash risk over time at station 20 E 0. We can 
also note that case 15 is much better than case 14, as the increase in the average lane-
change crash risk for case 15 when compared to the base case is much less than that for 
case 14. Also, this increase in the average lane-change crash risk for cases 14 and 15 in 
some time steps is very small and can be ignored. But, let’s investigate the same cases at 
a different station, i.e. at station 16 E 0. This is shown in Figure 5-14. 
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Figure 5-14: Average Lane-Change Crash Risk Profile at Station 16 E 0 
 
From Figure 5-14, we can note that this figure confirms Figure 5-13. We can note 
the two plots are almost the same. Also, we can note that case 15 is better than case 14 in 
keeping the crash profile less than the base case for much more time, and this is our 
objective. Further more, we can ignore this trend of the increase in the crash profile as it 
is very small, and especially for case 15. 
Therefore, cases 15 and 14 are deemed the 2 best cases respectively when 
implementing Ramp Metering downtown and VSL everywhere at the 60 percent loading. 
But, since we are still in the preliminary analysis stage (where only 3 runs were used), it 
is not enough to capture only the 2 best cases. However, we should capture all the best 
cases to use more runs for each of them. So, the best cases here are all the 8 cases since 
these 8 cases are all significant in reducing the average lane-change crash risk as 
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indicated in Table 5-20, in addition that they are not significant in increasing the average 
lane-change crash risk in the negatively affected sections, and the cumulative OLCRCI 
values are all positive for these 8 cases. 
Thus, the implementation of Ramp Metering downtown and VSL everywhere at 
the 60 percent loading scenario had safety benefit in some areas across the network. 
And we can conclude that either implementing Ramp Metering everywhere or 
downtown, there is safety benefit in some areas across the network. And this is good 
result, and it is interesting to note that Gayah (2006) concluded that Ramp Metering in 
the non-congested flow conditions (e.g. at the 60 percent loading scenario) did not have 
significant effect in reducing crash risk. But, our results here contradict his conclusion, 
when Ramp Metering is used in conjunction with VSL. 
And thus, applying Ramp Metering in conjunction with VSL at the 60 percent 
loading scenario increases safety benefit across the freeway.  
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5.2.2 80 Percent Loading Scenario 
The 16 different cases previously shown in Tables 4-2 & 4-3, and 4-4 & 4-5 were 
run at the 80 percent loading, which simulates conditions approaching congestion. These 
cases were run to test whether or not the combination of both Ramp Metering and VSL 
strategies could help reduce the crash risk (both rear-end and lane-change crash risks) 
during near-congestion conditions on Interstate-4. 
Since Ramp Metering strategy is used both “everywhere” and “downtown”, we 
should interpret each of them independently. Section (5.2.2.1) shows the interpretation of 
results for implementing Ramp Metering everywhere and VSL everywhere, and Section 
(5.2.2.2) shows the interpretation of results for implementing Ramp Metering downtown 
and VSL everywhere. Each of these sections is interpreted for both the rear-end crash risk 
and the lane-change crash risk. 
5.2.2.1 Ramp Metering Everywhere and VSL Everywhere (Cases 1 to 8)  
5.2.2.1.1 Rear-End Crash Risk 
Figure 5-15 shows the plot of the average rear-end crash risk over each location 
for the base case as well as cases 1 to 8. 
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Figure 5-15: Average Rear-End Crash Risk vs. Location for Cases 1 to 8 
 
As shown in the figure, there is hardly any noticeable difference between the base 
case and the 8 cases. But, let’s focus on the 7.5-mile stretch extending from station 28 to 
station 43. This section has the highest observed difference. The remaining stations have 
almost no obvious difference. 
Figure 5-16 shows the plot of the average rear-end crash risk from station 28 to 43 
for cases 1 to 8. 
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Figure 5-16: Average Rear-End Crash Risk vs. Location (Stations 28 to 43) for Cases 1 to 8 – 
Magnified 
 
As shown in the figure, we can hardly notice any difference between the base case 
and the 8 cases, but let’s focus once more on the 1.5-mile stretch extending from station 
35 to station 38. Figure 5-17 shows this magnified plot. 
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Figure 5-17: Average Rear-End Crash Risk vs. Location (Stations 35 to 38) for Cases 1 to 8 – 
Magnified 
 
From this plot, we can note that there is a decrease in the average rear-end crash 
risk for all the 8 cases compared to the base case. But, we need to assess this statistically, 
i.e. we need to test whether there is a significant decrease in the rear-end crash risk or not. 
The appropriate test that should be used is the student’s t-test. 
The average crash risks for each case over stations 35 to 38 are compared to the 
average crash risks over the same stations for the base case. Table 5-27 summarizes the t-
test, along with the Overall Rear-End Risk Change Index (ORERCI). 
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Table 5-27: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 35 to 38 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 35 to 38) 
1.554 1.518 1.498 1.525 1.517 1.494 1.516 1.542 1.506 
Crash Risk Benefit --- 0.037 0.056 0.029 0.037 0.060 0.038 0.012 0.048 
T-Statistic 
(Significance of 
Change) 
--- 0.129 0.200 0.105 0.131 0.213 0.138 0.044 0.171 
                    
ORERCI --- 0.292 0.450 0.231 0.294 0.480 0.306 0.097 0.384 
 
It is seen from the table that all the cases have a positive ORERCI. This means 
that all the 8 cases have an ORERCI less than the base case. Since none of the 8 cases 
have a t-statistic greater than the t-critical (1.645), we conclude that the resulting decrease 
is not considered statistically significant. So, none of the 8 cases is considered 
statistically significant in reducing the average rear-end crash risk when compared with 
the base case. 
But, let’s look once more on the wider stretch extending from station 28 to 43. 
Table 5-28 summarizes the t-test, along with the Overall Rear-End Risk Change Index 
(ORERCI). 
Table 5-28: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 28 to 43 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 28 to 43) 
0.906 0.899 0.893 0.884 0.905 0.890 0.907 0.915 0.891 
Crash Risk Benefit --- 0.007 0.014 0.022 0.001 0.017 -0.001 -0.008 0.015 
T-Statistic 
(Significance of 
Change) 
--- 0.028 0.052 0.084 0.004 0.063 0.003 0.030 0.058 
                    
ORERCI --- 0.223 0.413 0.667 0.031 0.504 -0.024 -0.245 0.459 
 123
It is seen from the table that there are six cases having a positive ORERCI. This 
means that these six cases have an ORERCI less than the base case, which leads to the 
fact that these six cases are beneficial to the network. These beneficial cases are all the 8 
cases with the exception of cases 6 and 7. However, none of these six cases are 
considered significant, as none of these cases has a t-statistic greater than 1.645. Once 
more, we conclude that the resulting decrease is not considered statistically significant 
since the resulted t-statistic values are less than 1.645. So, none of the 8 cases is 
considered statistically significant in reducing the average rear-end crash risk when 
compared with the base case. 
To test whether there is a significant difference (decrease or increase) in the 
average rear-end crash risk for the remaining stations between the base case and cases 1 
to 8, another t-test is performed. It is to be noted that the whole network was divided into 
five sections that are nearly homogeneous in trend. Tables 5-29, 5-30, 5-31 and 5-32 
summarize the t-test for the remaining four sections, along with the ORERCI values. 
 
Table 5-29: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 4 to 15 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 4 to 15) 
-0.688 -0.700 -0.703 -0.702 -0.702 -0.701 -0.701 -0.702 -0.703 
Crash Risk Benefit --- 0.012 0.016 0.015 0.014 0.013 0.013 0.014 0.016 
T-Statistic 
(Significance of 
Change) 
--- 0.213 0.277 0.264 0.256 0.229 0.236 0.257 0.281 
                    
ORERCI --- 0.287 0.376 0.355 0.344 0.310 0.317 0.346 0.378 
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Table 5-30: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 16 to 19 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 16 to 19) 
-0.613 -0.638 -0.636 -0.651 -0.629 -0.645 -0.644 -0.636 -0.652 
Crash Risk Benefit --- 0.024 0.022 0.038 0.016 0.032 0.031 0.023 0.039 
T-Statistic 
(Significance of 
Change) 
--- 0.226 0.207 0.350 0.147 0.294 0.281 0.212 0.357 
                    
ORERCI --- 0.194 0.178 0.303 0.126 0.253 0.244 0.182 0.310 
 
 
 
Table 5-31: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 20 to 27 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 20 to 27) 
-0.326 -0.342 -0.334 -0.337 -0.322 -0.362 -0.339 -0.346 -0.349 
Crash Risk Benefit --- 0.016 0.008 0.011 -0.004 0.036 0.013 0.020 0.023 
T-Statistic 
(Significance of 
Change) 
--- 0.204 0.104 0.134 0.053 0.457 0.163 0.252 0.292 
                    
ORERCI --- 0.259 0.133 0.170 -0.068 0.572 0.207 0.320 0.369 
 
 
 
Table 5-32: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 44 to 67 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 44 to 67) 
0.002 -0.009 -0.016 -0.016 -0.020 -0.016 -0.023 -0.015 -0.018 
Crash Risk Benefit --- 0.012 0.019 0.018 0.023 0.018 0.026 0.018 0.020 
T-Statistic 
(Significance of 
Change) 
--- 0.063 0.101 0.099 0.122 0.097 0.137 0.095 0.109 
                    
ORERCI --- 0.563 0.904 0.888 1.087 0.869 1.227 0.851 0.976 
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From these tables, we can see that there is no t-statistic greater than the t-critical 
(1.645). Thus, there is no significant difference (no significant increase or decrease) in 
the average rear-end crash risk for the remaining stations between the base case and cases 
1 to 8. Therefore, in terms of the average rear-end crash risk; cases 1 to 8 do not have any 
significant effect on the network. But, we still need to see the overall cumulative 
ORERCI for the 8 cases over the entire network. Table 5-33 summarizes the cumulative 
ORERCI for the 8 cases over the entire network. 
Table 5-33: Cumulative ORERCI for cases 1 to 8 over the Entire Network 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Cumulative ORERCI --- 1.526 2.003 2.382 1.521 2.507 1.973 1.454 2.491
 
From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative ORERCI. Thus, the implementation of Ramp 
Metering and VSL everywhere did good job in reducing the average rear-end crash risk, 
although shown to be statistically nonsignificant. 
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5.2.2.1.2 Lane-Change Crash Risk 
Figure 5-18 shows the plot of the average lane-change crash risk over each 
location for the base case as well as cases 1 to 8. 
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Figure 5-18: Average Lane-Change Crash Risk vs. Location for Cases 1 to 8 
  
As shown in the figure, there is no much difference between the base case and the 
8 cases. In fact, there are two positively affected sections by these cases throughout the 
whole network. The first section extends over an 8.5-mile stretch from station 14 to 
station 31. The second section extends over a 5-mile stretch from station 34 to station 44. 
The remaining stations have almost no obvious difference.  
Figures 5-19 and 5-20 show the plot of the average lane-change crash risk from 
station 14 to 31 and from station 34 to 44 respectively for cases 1 to 8. 
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Figure 5-19: Average Lane-Change Crash Risk vs. Location (Stations 14 to 31) for Cases 1 to 8 – 
Magnified 
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Figure 5-20: Average Lane-Change Crash Risk vs. Location (Stations 34 to 44) for Cases 1 to 8 – 
Magnified 
 
As shown in the two figures, all the 8 cases have much lower average lane-change 
crash risk than the base case. However, we still need to assess this statistically. So, it is 
desirable to know if the decrease in the average crash risk is statistically significant or 
not. In order to correctly answer this question, a student’s t-test is performed for each of 
the 8 cases and the base case.  
The average crash risks for each case over stations 14 to 31, and over stations 34 
to 44 are compared to the average crash risks over the same stations for the base case. 
Tables 5-34 and 5-35 summarize the t-test, along with the Overall Lane-Change Risk 
Change Index (OLCRCI). 
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Table 5-34: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 14 to 
31 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 14 to 31) 
0.162 0.006 0.025 0.019 0.033 0.001 0.017 0.011 0.016 
Crash Risk Benefit --- 0.156 0.137 0.143 0.129 0.161 0.145 0.151 0.146 
T-Statistic 
(Significance of 
Change) 
--- 2.956 2.572 2.751 2.456 3.056 2.802 2.792 2.821 
                    
OLCRCI --- 5.616 4.927 5.151 4.631 5.796 5.219 5.442 5.242 
 
Table 5-35: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 34 to 
44 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 34 to 44) 
1.000 0.947 0.934 0.974 0.959 0.930 0.948 0.973 0.979 
Crash Risk Benefit --- 0.052 0.066 0.026 0.041 0.069 0.052 0.027 0.021 
T-Statistic 
(Significance of 
Change) 
--- 1.581 1.933 0.697 1.248 2.146 1.625 0.811 0.566 
                    
OLCRCI --- 1.045 1.316 0.512 0.814 1.388 1.037 0.535 0.418 
 
It is seen from these two tables that all the cases have a positive OLCRCI. This 
means that all the 8 cases have an OLCRCI less than the base case. From Table 5-34, it is 
obvious that all the 8 cases have a t-statistic greater than the t-critical (1.645). Thus, the 
resulting decrease in the lane-change crash risk for all the 8 cases is considered 
statistically significant. From Table 5-35, we can note that not all the 8 cases are 
statistically significant. The statistically significant cases are cases 2 and 5 (having a t-
statistic greater than or equal to 1.645).  
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Picking the best cases is the same as was previously described. We should pick 
the best cases that significantly decrease the crash risk in addition not to be significant in 
the negatively affected sections (to resist “crash migration” phenomenon), and also the 
cumulative overall crash risk over the entire network is positive. Adding the OLCRCI 
values for the stations that show a decrease in the lane-change crash risk, i.e. for Tables 
5-34 and 5-35, we can obtain a cumulative OLCRCI value. This is shown in Table 5-36. 
Table 5-36: Cumulative OLCRCI for Cases 1 to 8 from Adding OLCRCI Values from Tables 5-34 
and 5-35 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Cumulative OLCRCI --- 6.661 6.243 5.663 5.445 7.184 6.256 5.977 5.660 
 
Therefore, cases 5 and 1 are considered the 2 best cases respectively in reducing 
the average lane-change crash risk when implementing Ramp Metering everywhere and 
VSL everywhere. We can note that case 5 was significant in decreasing the average lane-
change crash risk in both tables, i.e. Tables 5-34 and 5-35. But, for case 1, it was only 
significant in decreasing the average lane-change crash risk in Table 5-34, but not 
significant in decreasing the average lane-change crash risk in Table 5-35. So, when 
adding the OLCRCI values from Tables 5-34 and 5-35, the cumulative OLCRCI value is 
relatively higher than other cases. 
We still need to test that cases 1 and 5 are not significant in the negatively 
affected sections, and we also need to see the cumulative OLCRCI values over the entire 
network. 
It is to be noted that the whole network was divided into five sections that are 
nearly homogeneous in trend. Tables 5-37, 5-38 and 5-39 summarize the t-test for the 
remaining three sections, along with the OLCRCI values. 
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Table 5-37: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 4 to 
13 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 4 to 13) 
-1.801 -1.749 -1.768 -1.730 -1.742 -1.771 -1.732 -1.762 -1.760 
Crash Risk Benefit --- -0.051 -0.033 -0.071 -0.059 -0.030 -0.069 -0.039 -0.041 
T-Statistic 
(Significance of 
Change) 
--- 0.428 0.283 0.583 0.485 0.253 0.574 0.335 0.345 
                    
OLCRCI --- -1.030 -0.664 -1.416 -1.176 -0.607 -1.374 -0.788 -0.819 
 
 
 
Table 5-38: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 32 to 
33 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 32 to 33) 
0.847 0.738 0.735 0.741 0.734 0.777 0.791 0.789 0.801 
Crash Risk Benefit --- 0.109 0.112 0.106 0.112 0.070 0.055 0.058 0.046 
T-Statistic 
(Significance of 
Change) 
--- 0.367 0.385 0.358 0.383 0.229 0.184 0.188 0.150 
                    
OLCRCI --- 0.436 0.446 0.422 0.450 0.278 0.222 0.231 0.182 
 
 
 
Table 5-39: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 45 to 
67 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 45 to 67) 
0.147 0.167 0.153 0.146 0.144 0.154 0.137 0.156 0.162 
Crash Risk Benefit --- -0.020 -0.006 0.001 0.003 -0.007 0.009 -0.009 -0.015 
T-Statistic 
(Significance of 
Change) 
--- 0.140 0.039 0.009 0.022 0.047 0.064 0.065 0.105 
                    
OLCRCI --- -0.933 -0.266 0.060 0.151 -0.318 0.437 -0.432 -0.712 
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From these three tables, we can see that there is no t-statistic greater than the t-
critical (1.645). Thus, there is no significant difference (no significant increase or 
decrease) in the average lane-change crash risk for the remaining stations between the 
base case and cases 1 to 8. 
The cumulative OLCRCI over the entire network is shown in Table 5-40. 
Table 5-40: Cumulative OLCRCI for cases 1 to 8 over the Entire Network 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Cumulative OLCRCI --- 5.134 5.761 4.729 4.871 6.537 5.541 4.987 4.311
 
From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative ORERCI. Thus, the implementation of Ramp 
Metering and VSL everywhere did good job in reducing the average lane-change crash 
risk. Thus, the implementation of Ramp Metering and VSL everywhere at the 80 percent 
loading did good job in increasing safety benefit over the simulated network, and the best 
2 cases are cases 5 and 1 respectively.  
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
case 1 and case 5 are plotted in Figure 5-21. 
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Figure 5-21: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, it is clear that there are lots of variations for the average lane-
change crash risk over time. Also, from this figure, it is obvious that cases 1 and 5 can 
effectively reduce the average lane-change crash risk over time at station 20 E 0, but 
there are some time steps where the average lane-change crash risk for cases 1 and 5 
exceeds that of the base case. This increase in the average lane-change crash risk is not 
small, and can not be ignored as it is spreading over a lot of time steps. For more 
illustration, let’s investigate the same cases at a different station, i.e. at station 14 E 0. 
This is shown in Figure 5-22. 
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Figure 5-22: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
From Figure 5-22, we can note that this figure confirms Figure 5-21. We can note 
the two plots are almost the same. Also, we can note that case 5 is much better than case 
1 as the increase in the average lane-change crash risk for case 5 is much less than that of 
case 1 when compared to the base case. 
Thus, Figures 5-21 and 5-22 eliminate any increase in the safety benefits we 
gained from our analysis. And although we had an increase in safety benefits in some 
areas across the simulated network as indicated in Table 5-40, we can not rely on this 
result only. This is because the plot of the average lane-change crash risk vs. time step is 
unfavorable, and the increase in the crash risk when compared to the base case is high, 
and can not be ignored as well as the high variations in the crash risk over time. 
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Therefore, for the implementation of Ramp Metering and VSL everywhere at the 
80 percent loading, some trials will be used in order to have better results (especially for 
the plot of the average lane-change crash risk vs. time step) by changing some of the 
variables in the preliminary experimental design, e.g. the speed change time and the 
speed change implementation. Three runs will be used at the beginning for the best case 
only (case 5). Then afterwords, if these trials succeeded in improving the results, much 
more runs (10 runs) will be used for all the 8 cases in order to be more precise. 
5.2.2.2 Ramp Metering Everywhere and VSL Downtown (Cases 9 to 16)  
5.2.2.2.1 Rear-End Crash Risk 
Figure 5-23 shows the plot of the average rear-end crash risk over each location 
for the base case as well as cases 9 to 16. 
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Figure 5-23: Average Rear-End Crash Risk vs. Location for Cases 9 to 16 
 
As shown in the figure, there is no much difference between the base case and the 
8 cases. In fact, there is one positively affected section by these cases throughout the 
whole network. This section extends over a 7.5-mile stretch from station 28 to station 43. 
This section has the highest observed difference. The remaining stations have almost no 
obvious difference. 
Figure 5-24 shows the plot of the average rear-end crash risk from station 28 to 43 
for cases 9 to 16.  
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Figure 5-24: Average Rear-End Crash Risk vs. Location (Stations 28 to 43) for Cases 9 to 16 – 
Magnified 
 
As shown in the figure, there is not much difference between the 8 cases and the 
base case, but it looks like there is a little decrease in the average rear-end crash risk. But, 
we still need to assess this statistically. So, it is desirable to know if the decrease in the 
average crash risk is statistically significant or not. In order to answer this question, a 
student’s t-test is performed for each of the 8 cases and the base case.  
The average crash risks for each case over stations 28 to 43 are compared to the 
average crash risks over the same stations for the base case. Table 5-41 summarizes the t-
test, along with the Overall Rear-End Risk Change Index (ORERCI). 
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Table 5-41: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 28 to 43 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 28 to 43) 
0.906 0.879 0.892 0.909 0.893 0.896 0.891 0.898 0.897 
Crash Risk Benefit --- 0.028 0.015 -0.003 0.014 0.011 0.015 0.008 0.009 
T-Statistic 
(Significance of 
Change) 
--- 0.104 0.056 0.010 0.051 0.040 0.058 0.031 0.034 
                    
ORERCI --- 0.826 0.441 -0.076 0.405 0.316 0.463 0.251 0.272 
 
From this table, we can note that there are seven cases having a positive ORERCI; 
this means that these cases are beneficial to the network. These beneficial cases are all the 
8 cases with the exception of case 11. However, none of these seven cases are considered 
significant, as none of these cases has a t-statistic greater than 1.645.  
To test whether there is a significant difference (decrease or increase) in the 
average rear-end crash risk for the remaining stations between the base case and cases 9 
to 16, another t-test is performed. It is to be noted that I divided the whole network into 
four sections that are nearly homogeneous in trend. Tables 5-42, 5-43 and 5-44 
summarize the t-test for the remaining three sections, along with the ORERCI values. 
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Table 5-42: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 4 to 12 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 4 to 12) 
-0.675 -0.672 -0.672 -0.671 -0.670 -0.673 -0.672 -0.667 -0.670 
Crash Risk Benefit --- -0.003 -0.003 -0.005 -0.005 -0.003 -0.003 -0.008 -0.005 
T-Statistic 
(Significance of 
Change) 
--- 0.042 0.043 0.066 0.075 0.036 0.047 0.115 0.071 
                    
ORERCI --- -0.054 -0.055 -0.084 -0.096 -0.046 -0.060 -0.148 -0.091 
 
Table 5-43: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 13 to 27 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 13 to 27) 
-0.482 -0.513 -0.513 -0.521 -0.515 -0.521 -0.501 -0.503 -0.531 
Crash Risk Benefit --- 0.031 0.030 0.039 0.033 0.039 0.019 0.021 0.049 
T-Statistic 
(Significance of 
Change) 
--- 0.448 0.438 0.561 0.471 0.555 0.268 0.299 0.708 
                    
ORERCI --- 0.933 0.914 1.174 0.983 1.162 0.573 0.631 1.467 
 
Table 5-44: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 44 to 67 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 44 to 67) 
0.002 0.006 -0.002 -0.005 0.005 -0.005 0.001 0.000 -0.003 
Crash Risk Benefit --- -0.003 0.005 0.008 -0.002 0.008 0.001 0.002 0.005 
T-Statistic 
(Significance of 
Change) 
--- 0.018 0.025 0.042 0.013 0.041 0.006 0.011 0.028 
                    
ORERCI --- -0.167 0.226 0.378 -0.114 0.371 0.052 0.097 0.255 
 
From these tables, we can see that there is no t-statistic greater than the t-critical 
(1.645). Thus, there is no significant difference (no significant increase or decrease) in 
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the average rear-end crash risk for the remaining stations between the base case and cases 
9 to 16. Therefore, in terms of the average rear-end crash risk; cases 9 to 16 do not have 
any significant effect on the network. But, we still need to see the overall cumulative 
ORERCI for the 8 cases over the entire network. Table 5-45 summarizes the cumulative 
ORERCI for the 8 cases over the entire network. 
Table 5-45: Cumulative ORERCI for Cases 9 to 16 over the Entire Network 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Cumulative ORERCI --- 1.540 1.526 1.392 1.178 1.803 1.028 0.831 1.903
 
From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative ORERCI. Thus, the implementation of Ramp 
Metering downtown and VSL everywhere did good job in reducing the average rear-end 
crash risk, although shown to be statistically nonsignificant. 
5.2.2.2.2 Lane-Change Crash Risk 
Figure 5-25 shows the plot of the average lane-change crash risk over each 
location for the base case as well as cases 9 to 16. 
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Figure 5-25: Average Lane-Change Crash Risk vs. Location for Cases 9 to 16 
  
As shown in the figure, there are two positively affected sections by these cases 
throughout the whole network. The first section extends over an 8.5-mile stretch from 
station 14 to station 31. The second section extends over a 5-mile stretch from station 34 
to station 44. The remaining stations have almost no obvious difference.  
Figures 5-26 and 5-27 show the plot of the average lane-change crash risk from 
station 14 to 31 and from station 34 to 44 respectively for cases 9 to 16. 
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Figure 5-26: Average Lane-Change Crash Risk vs. Location (Stations 14 to 31) for Cases 9 to 16 – 
Magnified 
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Figure 5-27: Average Lane-Change Crash Risk vs. Location (Stations 34 to 44) for Cases 9 to 16 – 
Magnified 
 
From these two figures, there is a trend of a decrease in the average lane-change 
crash risk for the 8 cases when compared to the base case. However, we still need to 
assess this statistically. So, it is desirable to know if the decrease in the average crash risk 
is statistically significant or not. In order to correctly answer this question, a student’s t-
test is performed for each of the 8 cases and the base case.  
The average crash risks for each case over stations 14 to 31, and over stations 34 
to 44 are compared to the average crash risks over the same stations for the base case. 
Tables 5-46 and 5-47 summarize the t-test, along with the Overall Lane-Change Risk 
Change Index (OLCRCI). 
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Table 5-46: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 14 
to 31 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 14 to 31) 
0.162 0.016 0.032 -0.007 0.010 -0.002 0.031 0.035 -0.024 
Crash Risk Benefit --- 0.146 0.130 0.169 0.152 0.164 0.131 0.126 0.185 
T-Statistic 
(Significance of 
Change) 
--- 2.776 2.590 3.189 2.858 2.991 2.485 2.397 3.491 
                    
OLCRCI --- 5.260 4.677 6.085 5.478 5.903 4.717 4.547 6.678 
 
Table 5-47: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 34 
to 44 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 34 to 44) 
1.000 0.986 0.957 0.971 1.003 0.952 1.003 0.957 0.960 
Crash Risk Benefit --- 0.014 0.042 0.028 -0.004 0.048 -0.004 0.042 0.040 
T-Statistic 
(Significance of 
Change) 
--- 0.360 1.204 0.779 0.081 1.438 0.083 1.141 1.161 
                    
OLCRCI --- 0.275 0.848 0.570 -0.073 0.953 -0.076 0.843 0.794 
 
From Table 5-46, we can note that all the cases have a positive OLCRCI. This 
means that all the 8 cases have an OLCRCI less than the base case. It is obvious that all 
the 8 cases have a t-statistic greater than the t-critical (1.645). Thus, the resulting 
decrease in the lane-change crash risk for all the 8 cases is considered statistically 
significant. Further illustrating the reason for the significance of these eight cases in 
reducing the average lane-change crash risk for station 14 to station 31 can be attributed 
to the fact that the zone algorithm here is applied downtown only (zone 3) (i.e. from 
station 32 to station 43). So, metering the ramps in this area only eliminates the effect of 
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having a backward shockwave that can extend in the upstream side of stations 32 to 43. 
So, stations upstream of station 32 are more capable of reducing the crash risk.  
From Table 5-47, we can note that there are six cases having positive OLCRCI, 
and two cases having negative OLCRCI. The six cases having positive OLCRCI are: 9, 
10, 11, 13, 15 and 16. The two cases having negative OLCRCI are 12 and 14. It is also 
noted that none of the 8 cases is statistically significant.  
We should pick the best cases that significantly decrease the crash risk in addition 
not to be significant in the negatively affected sections (to resist “crash migration” 
phenomenon), and also the cumulative overall crash risk over the entire network is 
positive. Adding the OLCRCI values for the stations that show a decrease in the lane- 
change crash risk, i.e. for Tables 5-46 and 5-47, we can obtain a cumulative OLCRCI 
value. This is shown in Table 5-48. 
Table 5-48: Cumulative OLCRCI for Cases 9 to 16 from Adding OLCRCI Values from Tables 5-46 
and 5-47 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Cumulative OLCRCI --- 5.535 5.525 6.655 5.405 6.857 4.641 5.390 7.472
 
Therefore, cases 16 and 13 are considered the 2 best cases respectively in 
reducing the average lane-change crash risk when implementing Ramp Metering 
downtown and VSL everywhere. We can note that cases 13 and 16 were only significant 
in decreasing the average lane-change crash risk in Table 5-46. 
We still need to test that cases 13 and 16 are not significant in the negatively 
affected sections, and we also need to see the cumulative OLCRCI values over the entire 
network. 
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It is to be noted that the whole network was divided into five sections that are 
nearly homogeneous in trend. Tables 5-49, 5-50 and 5-51 summarize the t-test for the 
remaining three sections, along with the OLCRCI values. 
Table 5-49: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 4 to 
13 
Test Case ID 
  Base Case 9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 4 to 13) 
-1.801 -1.745 -1.744 -1.739 -1.763 -1.760 -1.740 -1.751 -1.747 
Crash Risk Benefit --- -0.056 -0.057 -0.062 -0.038 -0.041 -0.061 -0.050 -0.054 
T-Statistic 
(Significance of 
Change) 
--- 0.472 0.462 0.510 0.319 0.347 0.512 0.418 0.455 
                    
OLCRCI --- -1.129 -1.133 -1.230 -0.752 -0.826 -1.221 -0.995 -1.086 
 
 
 
Table 5-50: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 32 
to 33 
Test Case ID 
  Base Case 9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 32 to 33) 
0.847 0.768 0.824 0.781 0.814 0.781 0.775 0.780 0.777 
Crash Risk Benefit --- 0.079 0.023 0.066 0.033 0.066 0.072 0.067 0.070 
T-Statistic 
(Significance of 
Change) 
--- 0.264 0.074 0.215 0.109 0.216 0.246 0.218 0.227 
                    
OLCRCI --- 0.314 0.091 0.264 0.131 0.262 0.287 0.266 0.280 
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Table 5-51: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 45 
to 67 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 45 to 67) 
0.147 0.147 0.160 0.152 0.142 0.155 0.156 0.148 0.168 
Crash Risk Benefit --- 0.000 -0.013 -0.005 0.005 -0.009 -0.009 -0.001 -0.021 
T-Statistic 
(Significance of 
Change) 
--- 0.001 0.089 0.031 0.036 0.058 0.060 0.008 0.143 
                    
OLCRCI --- -0.008 -0.606 -0.215 0.241 -0.392 -0.398 -0.056 -0.966 
 
From these three tables, we can see that there is no t-statistic greater than the t-
critical (1.645). Thus, there is no significant difference (no significant increase or 
decrease) in the average lane-change crash risk for the remaining stations between the 
base case and cases 9 to 16. 
The cumulative OLCRCI over the entire network is shown in Table 5-52. 
Table 5-52: Cumulative OLCRCI for cases 9 to 16 over the Entire Network 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Cumulative OLCRCI --- 4.712 3.877 5.473 5.025 5.901 3.309 4.605 5.700
 
From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative OLCRCI. Thus, the implementation of Ramp 
Metering downtown and VSL everywhere did good job in reducing the average lane-
change crash risk, and the best 2 cases are cases 16 and 13 respectively.  
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
case 13 and case 16 are plotted in Figure 5-28. 
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Figure 5-28: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, it is clear that there are lots of variations for the average lane-
change crash risk over time. Also, from this figure, it is obvious that cases 13 and 16 can 
effectively reduce the average lane-change crash risk over time at station 20 E 0, but 
there are some time steps where the average lane-change crash risk for cases 13 and 16 
exceeds that of the base case. This increase in the average lane-change crash risk is not 
small, and can not be ignored. For more illustration, let’s investigate the same cases at a 
different station, i.e. at station 14 E 0. This is shown in Figure 5-29. 
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Figure 5-29: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
From Figure 5-29, we can also note that there are lots of variations for the average 
lane-change crash risk over time as Figure 5-28. However, this plot is much better than 
Figure 5-28 as there is no much increase in the crash risk when compared to the base 
case, and we can ignore this increase as it is very small, and it is not spreading over wide 
time steps. 
For that, Figures 5-28 and 5-29 eliminate any increase in the safety benefits we 
gained from our analysis. And although we had an increase in safety benefits in some 
areas across the simulated network as indicated in Table 5-52, we can not rely on this 
result only. This is because the plot of the average lane-change crash risk vs. time step is 
unfavorable at station 20 E 0, and the increase in the crash risk when compared to the 
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base case is high, and can not be ignored as well as the high variations in the crash risk 
over time. 
Thus, in general, we can conclude that either implementing Ramp Metering 
everywhere or downtown in conjunction with VSL everywhere, there is safety benefit in 
some areas across the network, but adjustments should be applied to some variables in 
the preliminary experimental design in order to improve the plot of the crash risk vs. time 
step.  
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5.2.3 90 Percent Loading Scenario 
The 16 different cases previously shown in Tables 4-2 & 4-3, and 4-4 & 4-5 were 
run at the 90 percent loading, which simulates a typical peak period congestion. These 
cases were run to test whether or not the combination of both Ramp Metering and VSL 
strategies could help reduce the crash risk (both rear-end and lane-change crash risks) 
during a typical peak period on Interstate-4. 
Since Ramp Metering strategy is used both “everywhere” and “downtown”, we 
should interpret each of them solely. Section (5.2.3.1) shows the interpretation of results 
for implementing Ramp Metering everywhere and VSL everywhere, and Section 
(5.2.3.2) shows the interpretation of results for implementing Ramp Metering downtown 
and VSL everywhere. Each of these sections is interpreted for both the rear-end crash risk 
and the lane-change crash risk. 
5.2.3.1 Ramp Metering Everywhere and VSL Everywhere (Cases 1 to 8)  
5.2.3.1.1 Rear-End Crash Risk 
Figure 5-30 shows the plot of the average rear-end crash risk over each location 
for the base case as well as cases 1 to 8. 
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Figure 5-30: Average Rear-End Crash Risk vs. Location for Cases 1 to 8 
 
As shown in the figure, there is hardly any noticeable difference between the base 
case and the 8 cases. In fact, there are two positively affected sections by these cases 
throughout the whole network. The first section extends over a 2-mile stretch from station 
13 to station 17. The second section extends over a 5-mile stretch from station 28 to 
station 38. The remaining stations have almost no obvious difference or are negatively 
affected. 
Figures 5-31 and 5-32 show the plot of the average rear-end crash risk from 
station 13 to 17 and from station 28 to 38 respectively for cases 1 to 8. 
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Figure 5-31: Average Rear-End Crash Risk vs. Location (Stations 13 to 17) for Cases 1 to 8 – 
Magnified 
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Figure 5-32: Average Rear-End Crash Risk vs. Location (Stations 28 to 38) for Cases 1 to 8 – 
Magnified 
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As shown in the two figures, there is a sort of decrease in the average rear-end 
crash risk compared to the base case. But, we still need to assess this statistically. So, it is 
desirable to know if the decrease in the average crash risk is statistically significant or 
not. In order to answer this question, a student’s t-test is performed for each of the 8 cases 
and the base case.  
The average crash risks for each case over stations 13 to 17 and 28 to 38 are 
compared to the average crash risks over the same stations for the base case. Tables 5-53 
and 5-54 summarize the t-test, along with the Overall Rear-End Risk Change Index 
(ORERCI). 
Table 5-53: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 13 to 17 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash 
Risk 
(Stations 13 to 17) 
-0.653 -0.690 -0.685 -0.692 -0.639 -0.696 -0.710 -0.695 -0.689 
Crash Risk 
Benefit --- 0.037 0.032 0.039 -0.014 0.044 0.057 0.042 0.037 
T-Statistic 
(Significance of 
Change) 
--- 0.391 0.339 0.418 0.143 0.459 0.604 0.444 0.386 
                    
ORERCI --- 0.367 0.322 0.394 -0.136 0.436 0.566 0.416 0.366 
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Table 5-54: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 28 to 38 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 28 to 38) 
0.883 0.764 0.834 0.768 0.847 0.830 0.781 0.831 0.778 
Crash Risk Benefit --- 0.119 0.048 0.114 0.035 0.053 0.102 0.052 0.104 
T-Statistic 
(Significance of 
Change) 
--- 0.401 0.162 0.390 0.119 0.178 0.346 0.176 0.350 
                    
ORERCI --- 2.612 1.066 2.516 0.773 1.159 2.242 1.141 2.295 
 
From Table 5-53, we can note that there are seven positive ORERCI values, 
which are cases 1, 2, 3, 5, 6, 7 and 8. These positive ORERCI values indicate that these 
seven cases have a lower average rear-end crash risk than the base case. Additionally, 
there is a negative ORERCI value for case 4, indicating an increase in the average rear-
end crash risk for this case. We can also note that there is no significant decrease in the 
average rear-end crash risk as there is no t-statistic equal to or greater than the t-critical 
(1.645). 
From Table 5-54, we can note that all the 8 cases have positive ORERCI values, 
indicating a decrease in the average rear-end crash risk for the 8 cases. But, this decrease 
is not considered a significant decrease as shown in the table. 
To test whether there is a significant difference in the average rear-end crash risk 
for the remaining stations between the base case and cases 1 to 8, another t-test is 
performed. Tables 5-55, 5-56, 5-57 and 5-58 summarize the t-test, along with the 
ORERCI values. 
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Table 5-55: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 4 to 12 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 4 to 12) 
-0.712 -0.704 -0.707 -0.707 -0.701 -0.706 -0.708 -0.706 -0.705 
Crash Risk Benefit --- -0.007 -0.005 -0.005 -0.011 -0.005 -0.003 -0.006 -0.007 
T-Statistic 
(Significance of 
Change) 
--- 0.110 0.078 0.078 0.168 0.081 0.052 0.093 0.105 
                    
ORERCI --- -0.132 -0.094 -0.094 -0.203 -0.097 -0.062 -0.111 -0.127 
 
 
 
Table 5-56: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 18 to 27 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 18 to 27) 
-0.406 -0.396 -0.384 -0.373 -0.294 -0.360 -0.365 -0.362 -0.371 
Crash Risk Benefit --- -0.010 -0.022 -0.033 -0.112 -0.046 -0.041 -0.043 -0.035 
T-Statistic 
(Significance of 
Change) 
--- 0.109 0.246 0.367 1.226 0.521 0.451 0.488 0.396 
                    
ORERCI --- -0.191 -0.436 -0.652 -2.246 -0.927 -0.814 -0.869 -0.701 
 
 
 
Table 5-57: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 40 to 43 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 40 to 43) 
1.191 1.215 1.234 1.232 1.267 1.214 1.160 1.161 1.226 
Crash Risk Benefit --- -0.024 -0.042 -0.041 -0.076 -0.023 0.031 0.030 -0.035 
T-Statistic 
(Significance of 
Change) 
--- 0.066 0.116 0.114 0.201 0.062 0.087 0.082 0.094 
                    
ORERCI --- -0.194 -0.339 -0.328 -0.604 -0.185 0.249 0.243 -0.277 
 
 157
Table 5-58: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 44 to 67 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 44 to 67) 
-0.007 -0.024 -0.014 -0.024 -0.018 -0.018 -0.021 -0.019 -0.024 
Crash Risk Benefit --- 0.017 0.007 0.017 0.011 0.011 0.014 0.012 0.017 
T-Statistic 
(Significance of 
Change) 
--- 0.094 0.037 0.092 0.061 0.059 0.077 0.063 0.091 
                    
ORERCI --- 0.826 0.329 0.810 0.542 0.527 0.675 0.556 0.799 
 
From these tables, we can see that there is no t-statistic greater than the t-critical 
(1.645). Thus, there is no significant difference (no significant increase or decrease) in 
the average rear-end crash risk for the remaining stations between the base case and cases 
1 to 8. Further illustrating the reason for the increase in the rear-end crash risk (shown in 
the negative ORERCI values) from station 40 to station 43 in Table 5-57 is that station 36 
is just upstream of the I-4 / S.R. 408 interchange, and thus stations 40 to 43 are in the 
downstream side of this interchange (there is no station 39 in the field and in 
PARAMICS as well). This part has different geometric and traffic conditions than the 
upstream part of the interchange. We can see that there is a lot of vertical and horizontal 
curves, and also a lot of on-ramps and off-ramps. The spacing between each two 
successive on-ramps and off-ramps is considerably small. All these worsen traffic 
conditions in this part, and increase the likelihood of having rear-end crashes, and even 
lane-change crashes. So, this may decrease the effectiveness of any ITS strategy. 
Therefore, in terms of the average rear-end crash risk; cases 1 to 8 do not have 
any significant effect on the network. But, we still need to see the cumulative ORERCI 
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for the 8 cases over the entire network. Table 5-59 summarizes the cumulative ORERCI 
for the 8 cases over the entire network. 
Table 5-59: Cumulative ORERCI for Cases 1 to 8 over the Entire Network 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Cumulative 
ORERCI --- 3.288 0.848 2.646 -1.874 0.912 2.857 1.375 2.355 
 
Based on this table, it is obvious that there are seven beneficial cases to the 
network. These cases are: 1, 2, 3, 5, 6, 7 and 8. These seven cases have positive 
cumulative ORERCI. There is only one harmful case to the network, this case is case 4 
having a negative cumulative ORERCI. Thus, case 4 can not be the best case for 
implementing Ramp Metering and VSL everywhere even though been shown to have 
good results for the average lane-change crash risk. Thus, the implementation of Ramp 
Metering and VSL everywhere did acceptable job in reducing the average rear-end crash 
risk, although shown to be statistically nonsignificant. 
5.2.3.1.2 Lane-Change Crash Risk 
Figure 5-33 shows the plot of the average lane-change crash risk over each 
location for the base case as well as cases 1 to 8. 
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Figure 5-33: Average Lane-Change Crash Risk vs. Location for Cases 1 to 8 
 
As shown in the figure, there is hardly any noticeable difference between the base 
case and the 8 cases. In fact, there is one positively affected section by these cases 
throughout the whole network. This section extends over a 3.5-mile stretch from station 
14 to station 21. The remaining stations have almost no obvious difference or are 
negatively affected. The highest negatively affected sections extend over a 4.5-mile 
stretch from station 4 to 13 and over a 4.5-mile stretch from station 22 to 31. 
Figure 5-34 shows the plot of the average lane-change crash risk from station 14 
to 21 for cases 1 to 8. 
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Figure 5-34: Average Lane-Change Crash Risk vs. Location (Stations 14 to 21) for Cases 1 to 8 – 
Magnified 
 
As shown in the figure, there is a sort of decrease in the average lane-change 
crash risk compared to the base case. However, we still need to assess this statistically. 
So, it is desirable to know if the decrease in the average crash risk is statistically 
significant or not. In order to correctly answer this question, a student’s t-test is 
performed for each of the 8 cases and the base case.  
The average crash risk for each case over stations 14 to 21 is compared to the 
average crash risk over the same stations for the base case. Table 5-60 summarizes the t-
test, along with the Overall Lane-Change Risk Change Index (OLCRCI). 
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Table 5-60: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 14 to 
21 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 14 to 21) 
0.075 -0.048 -0.053 -0.086 -0.002 -0.071 -0.125 -0.087 -0.085 
Crash Risk Benefit --- 0.123 0.128 0.162 0.078 0.147 0.200 0.162 0.160 
T-Statistic 
(Significance of 
Change) 
--- 1.790 1.847 2.386 1.197 2.128 2.879 2.358 2.379 
                    
OLCRCI --- 1.973 2.052 2.585 1.247 2.350 3.206 2.597 2.561 
 
It is seen from this table that all the cases have a positive OLCRCI. This means 
that all the 8 cases have an OLCRCI less than the base case. We can note there are seven 
significant cases, these cases are: 1, 2, 3, 5, 6, 7 and 8. Also, there is only one 
nonsignificant case, this case is 4.  
Tables 5-61, 5-62 and 5-63 summarize the t-test, along with the OLCRCI values 
for the remaining stations. 
Table 5-61: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 4 to 
13 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 4 to 13) 
-1.568 -1.540 -1.529 -1.515 -1.430 -1.522 -1.536 -1.494 -1.536 
Crash Risk Benefit --- -0.028 -0.040 -0.054 -0.139 -0.046 -0.033 -0.074 -0.032 
T-Statistic 
(Significance of 
Change) 
--- 0.241 0.341 0.451 1.053 0.391 0.282 0.642 0.272 
                    
OLCRCI --- -0.561 -0.795 -1.072 -2.775 -0.920 -0.654 -1.490 -0.637 
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Table 5-62: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 22 to 
31 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 22 to 31) 
0.145 0.134 0.145 0.143 0.243 0.182 0.129 0.190 0.090 
Crash Risk Benefit --- 0.011 0.000 0.002 -0.098 -0.037 0.016 -0.045 0.055 
T-Statistic 
(Significance of 
Change) 
--- 0.104 0.002 0.022 0.909 0.335 0.163 0.401 0.535 
                    
OLCRCI --- 0.225 0.004 0.044 -1.957 -0.735 0.329 -0.898 1.096 
 
 
Table 5-63: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 32 to 
67 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 32 to 67) 
0.390 0.382 0.381 0.367 0.381 0.380 0.393 0.377 0.386 
Crash Risk Benefit --- 0.009 0.010 0.023 0.009 0.011 -0.002 0.013 0.005 
T-Statistic 
(Significance of 
Change) 
--- 0.072 0.082 0.198 0.077 0.089 0.018 0.112 0.039 
                    
OLCRCI --- 0.596 0.675 1.614 0.636 0.735 -0.147 0.912 0.323 
 
Tables 5-61 and 5-62 show the highest negatively affected sections throughout the 
whole network. From Tables 5-61, 5-62 and 5-63, we can note that there are no t-statistic 
greater than the t-critical (1.645). Thus, there is no significant difference (no significant 
increase or decrease) in the average lane-change crash risk for the remaining stations 
between the base case and cases 1 to 8. But, we still need to see the cumulative OLCRCI 
for the 8 cases over the entire network.  
Table 5-64 summarizes the cumulative OLCRCI for the 8 cases over the entire 
network. 
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Table 5-64: Cumulative OLCRCI for Cases 1 to 8 over the Entire Network 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Cumulative 
OLCRCI --- 2.233 1.937 3.172 -2.849 1.430 2.734 1.122 3.344 
 
From Table 5-64, we can note that there are seven positive cumulative OLCRCI 
values for cases 1, 2, 3, 5, 6, 7 and 8. Once more, case 4 has a negative cumulative 
OLCRCI value. This result concurs with the results from the analysis of the rear-end 
crash risk, where we concluded that case 4 was the worst of the 8 cases. Thus, case 4 is 
completely eliminated from our selection for the best cases. 
From Table 5-60, the best cases are cases 6, 7, 3, 8, 5, 2 and 1 respectively, 
having a significant decrease in the average lane-change crash risk. And, by a quick look 
at Table 5-64, these cases have a positive cumulative OLCRCI over the entire network, 
which means an overall lane-change crash risk decrease benefit. 
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
case 6 and case 7 are plotted in Figure 5-35. 
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Figure 5-35: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, it is clear that there are lots of variations for the average lane-
change crash risk over time. Also, from this figure, it is obvious that cases 6 and 7 can 
effectively reduce the average lane-change crash risk over time at station 20 E 0, but 
there are some time steps where the average lane-change crash risk for cases 6 and 7 
exceeds that of the base case. This is much more clear in case 6. Also, the magnitude of 
the increase in the average lane-change crash risk is not that small, and can not be 
ignored. For more illustration, let’s investigate the same cases at a different station, i.e. at 
station 14 E 0. This is shown in Figure 5-36. 
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Figure 5-36: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks little better than Figure 5-35. However, there is still a trend of an 
increase in the crash risk over some time steps. This is much more clear for case 7. Case 
6 in this plot looks much better than case 6. 
Thus, Figures 5-35 and 5-36 eliminate any increase in the safety benefits we 
gained from our analysis. And although we had an increase in safety benefits in some 
areas across the simulated network as indicated in Table 5-64, we can not rely on this 
result only. This is because the plot of the average lane-change crash risk vs. time step is 
unfavorable, and the increase in the crash risk when compared to the base case is high, 
and can not be ignored as well as the high variations in the crash risk over time. 
Therefore, for the implementation of Ramp Metering and VSL everywhere at the 
90 percent loading, some trials will be used in order to have better results (especially for 
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the plot of the average lane-change crash risk vs. time step) by changing some of the 
variables in the preliminary experimental design, e.g. the speed change time and the 
speed change implementation. 3 runs will be used at the beginning for the best case only 
(case 7 for example). Then after worth, if these trials succeeded in improving the results, 
much more runs (10 runs) will be used for all the 8 cases in order to be more precise. 
5.2.3.2 Ramp Metering Downtown and VSL Everywhere (Cases 9 to 16)  
5.2.3.2.1 Rear-End Crash Risk 
Figure 5-37 shows the plot of the average rear-end crash risk over each location 
for the base case as well as cases 9 to 16. 
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Figure 5-37: Average Rear-End Crash Risk vs. Location for Cases 9 to 16 
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As shown in the figure, there is no much difference between the base case and the 
8 cases. But, we can note that there are two positively affected sections by these cases 
throughout the whole network. The first section extends over a 0.5-mile stretch from 
station 42 to station 43. The second section extends over a 1-mile stretch from station 49 
to station 51. But, these two positively affected sections can be ignored as the length of 
the positively affected stretch is very small, which is about 1.5 miles. Thus these 
positively affected sections can be ignored. The remaining stations have almost no 
obvious difference or are negatively affected. The highest negatively affected section 
extends over a 5-mile stretch from station 23 to 33. 
Figure 5-38 shows the plot of the average rear-end crash risk from station 23 to 33 
for cases 9 to 16.  
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Figure 5-38: Average Rear-End Crash Risk vs. Location (Stations 37 to 43) for Cases 9 to 16 – 
Magnified 
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As shown in the figure, almost all 8 cases have much higher average rear-end 
crash risk than the base case. But, we still need to assess this statistically using the 
student’s t-test. 
It is to be noted that the whole network was divided into three sections that are 
nearly homogeneous in trend. Tables 5-65, 5-66 and 5-67 summarize the t-test for each 
section, along with the ORERCI values. 
Table 5-65: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 4 to 22 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 4 to 22) 
-0.640 -0.651 -0.657 -0.594 -0.598 -0.647 -0.598 -0.647 -0.650 
Crash Risk Benefit --- 0.011 0.017 -0.046 -0.042 0.007 -0.042 0.006 0.010 
T-Statistic 
(Significance of 
Change) 
--- 0.189 0.303 0.770 0.700 0.124 0.700 0.112 0.176 
                    
ORERCI --- 0.401 0.641 -1.757 -1.599 0.266 -1.599 0.240 0.377 
 
 
 
Table 5-66: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 23 to 33 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 23 to 33) 
0.025 0.100 0.109 0.147 0.203 0.149 0.203 0.141 0.138 
Crash Risk Benefit --- -0.075 -0.083 -0.121 -0.178 -0.123 -0.178 -0.115 -0.113 
T-Statistic 
(Significance of 
Change) 
--- 0.334 0.371 0.556 0.788 0.551 0.788 0.508 0.502 
                    
ORERCI --- -1.641 -1.832 -2.667 -3.913 -2.713 -3.913 -2.539 -2.487 
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Table 5-67: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 34 to 67 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 34 to 67) 
0.378 0.367 0.370 0.367 0.375 0.376 0.375 0.374 0.365 
Crash Risk Benefit --- 0.010 0.007 0.011 0.003 0.001 0.003 0.004 0.012 
T-Statistic 
(Significance of 
Change) 
--- 0.056 0.039 0.060 0.014 0.008 0.014 0.021 0.066 
                    
ORERCI --- 0.673 0.471 0.727 0.169 0.095 0.169 0.255 0.796 
 
From these tables, we can see that there is no t-statistic greater than the t-critical 
(1.645). Thus, there is no significant difference (no significant increase or decrease) in 
the average rear-end crash risk for the remaining stations between the base case and cases 
9 to 16. Therefore, in terms of the average rear-end crash risk; cases 9 to 16 do not have 
any significant effect on the network. But, we still need to see the overall cumulative 
ORERCI for the 8 cases over the entire network. Table 5-68 summarizes the cumulative 
ORERCI for the 8 cases over the entire network. 
Table 5-68: Cumulative ORERCI for cases 9 to 16 over the Entire Network 
  Base Case 9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Cumulative 
ORERCI --- -0.567 -0.720 -3.697 -5.343 -2.352 -5.343 -2.044 -1.315 
 
From this table, it is obvious that all the 8 cases are harmful to the network. This 
is obvious in the negative values of the cumulative ORERCI. Therefore, no best case can 
be chosen, and accordingly, the implementation of Ramp Metering downtown and VSL 
everywhere did not do good job in reducing the average rear-end crash risk. 
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5.2.3.2.2 Lane-Change Crash Risk 
Figure 5-39 shows the plot of the average lane-change crash risk over each 
location for the base case as well as cases 9 to 16. 
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Figure 5-39: Average Lane-Change Crash Risk vs. Location for Cases 9 to 16 
 
As shown in the figure, there is no much difference between the base case and the 
8 cases. In fact, there is one positively affected section by these cases throughout the 
whole network. This section extends over a 3-mile stretch from station 16 to station 22. 
The remaining stations have almost no obvious difference or are negatively affected. The 
highest negatively affected section extends over a 4-mile stretch from station 23 to 31. 
Figures 5-40 and 5-41 show the plot of the average lane-change crash risk from 
station 16 to 22 and from station 23 to 31 respectively for cases 9 to 16. 
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Figure 5-40: Average Lane-Change Crash Risk vs. Location (Stations 16 to 22) for Cases 9 to 16 – 
Magnified 
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Figure 5-41: Average Lane-Change Crash Risk vs. Location (Stations 23 to 31) for Cases 9 to 16 – 
Magnified 
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As shown in Figure 5-40, all the 8 cases have much lower average lane-change 
crash risk than the base case. However, we still need to assess this statistically. So, it is 
desirable to know if the decrease in the average crash risk is statistically significant or 
not. In order to correctly answer this question, a student’s t-test is performed for each of 
the 8 cases and the base case.  
From Figure 5-41, we can note that there is a trend of an increase in the average 
lane-change crash risk for the 8 cases when compared to the base case. However, we still 
need to assess this statistically. 
It is to be noted that the whole network was divided into five sections that are 
nearly homogeneous in trend. Tables 5-69, 5-70, 5-71, 5-72 and 5-73 summarize the t-
test for each section, along with the OLCRCI values. 
Table 5-69: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 4 to 
12 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 4 to 12) 
-1.632 -1.607 -1.595 -1.534 -1.518 -1.594 -1.518 -1.571 -1.594 
Crash Risk Benefit --- -0.025 -0.037 -0.098 -0.114 -0.038 -0.114 -0.060 -0.037 
T-Statistic 
(Significance of 
Change) 
--- 0.258 0.369 0.815 0.947 0.377 0.947 0.593 0.374 
                    
OLCRCI --- -0.451 -0.657 -1.768 -2.056 -0.685 -2.056 -1.087 -0.673 
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Table 5-70: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 13 
to 15 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 13 to 15) 
-0.383 -0.395 -0.426 -0.246 -0.261 -0.389 -0.261 -0.396 -0.423 
Crash Risk Benefit --- 0.012 0.044 -0.137 -0.122 0.007 -0.122 0.013 0.040 
T-Statistic 
(Significance of 
Change) 
--- 0.041 0.150 0.484 0.433 0.022 0.433 0.047 0.142 
                    
OLCRCI --- 0.073 0.261 -0.820 -0.732 0.039 -0.732 0.081 0.243 
 
 
Table 5-71: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 16 
to 22 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 16 to 22) 
0.123 0.023 -0.009 0.114 0.138 0.003 0.138 0.005 -0.011 
Crash Risk Benefit --- 0.100 0.132 0.009 -0.015 0.120 -0.015 0.118 0.134 
T-Statistic 
(Significance of 
Change) 
--- 3.003 3.422 0.279 0.412 3.129 0.412 3.447 3.276 
                    
OLCRCI --- 1.394 1.846 0.128 -0.208 1.686 -0.208 1.656 1.871 
 
 
Table 5-72: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 23 
to 31 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 23 to 31) 
0.150 0.267 0.287 0.306 0.388 0.348 0.388 0.286 0.316 
Crash Risk Benefit --- -0.118 -0.137 -0.156 -0.239 -0.198 -0.239 -0.136 -0.166 
T-Statistic 
(Significance of 
Change) 
--- 0.871 0.954 1.211 1.758 1.460 1.758 0.992 1.214 
                    
OLCRCI --- -2.123 -2.474 -2.813 -4.295 -3.566 -4.295 -2.448 -2.992 
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Table 5-73: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 32 
to 67 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 32 to 67) 
0.390 0.389 0.392 0.387 0.391 0.372 0.391 0.384 0.390 
Crash Risk Benefit --- 0.002 -0.002 0.004 -0.001 0.019 -0.001 0.007 0.000 
T-Statistic 
(Significance of 
Change) 
--- 0.014 0.015 0.031 0.004 0.159 0.004 0.056 0.004 
                    
OLCRCI --- 0.113 -0.126 0.254 -0.036 1.296 -0.036 0.461 0.031 
 
From Table 5-71, where there is a trend of a decrease in the average lane-change 
crash risk, we can note that there are six cases having a positive OLCRCI. This means 
that these six cases have an OLCRCI less than the base case. We can note there are five 
significant cases, these cases are: 9, 10, 13, 15 and 16. Also, there are three 
nonsignificant cases, these case are 11, 12 and 14.  
Further illustrating the reason for the significance of these five cases in reducing 
the average lane-change crash risk for station 16 to station 22 can be attributed to the fact 
that the zone algorithm here is applied downtown only (zone 3) (i.e. from station 32 to 
station 43). So, metering the ramps in this area only eliminates the effect of having a 
backward shockwave that can extend in the upstream side of stations 32 to 43. So, 
stations upstream of station 32 are more capable of reducing the crash risk.  
From Table 5-72, where there is a trend of an increase in the average lane-change 
crash risk, we can note that there are two significant cases, these cases are: 12 and 14. 
This means that cases 12 and 14 significantly increase the average lane-change crash risk 
over this stretch. And, by a quick look at Table 5-71, we can note that these two cases 
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have a negative OLCRCI value. Thus cases 12 and 14 are very bad cases, and can not be 
chosen to be the best cases. 
But, we still need to see the cumulative OLCRCI over the entire network. This is 
shown in Table 5-74. 
Table 5-74: Cumulative OLCRCI for Cases 9 to 16 over the Entire Network 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Cumulative 
OLCRCI --- -0.993 -1.151 -5.018 -7.327 -1.230 -7.327 -1.337 -1.521 
 
From Table 5-74, it is obvious that all the 8 cases are harmful to the network. This 
is obvious in the negative values of the cumulative OLCRCI. Therefore, no best case can 
be chosen, and accordingly the implementation of Ramp Metering downtown and VSL 
everywhere did not do good job in reducing the average lane-change crash risk, although 
there is a significant decrease in some areas. This was the same result from the rear-end 
crash risk analysis. 
Thus, the implementation of Ramp Metering downtown and VSL everywhere at 
the 90 percent loading scenario did not have safety benefit over the entire network, and 
there are no best cases that can be captured for further investigation. 
However, for the implementation of Ramp Metering downtown and VSL 
everywhere at the 90 percent loading, better results will be sought by changing the cycle 
length for the Zone algorithm. Three runs will be used at the beginning for any of the 
cases (case 9 for example). Then after worth, if this trial succeeded in improving the 
results, much more runs (10 runs) will be used for all the cases in order to be more 
precise. 
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5.3 Summary of the Preliminary Experimental Design Results 
After analyzing the preliminary experimental analyses, a summary of it is 
discussed in this section in order to put broader lines to perform the final experimental 
design for this study. 
5.3.1 60 Percent Loading Scenario 
It was noted the there was a significant decrease in the lane-change crash risk in 
some areas across the network, which means there are safety benefits across the network 
for either implementing Ramp Metering everywhere or downtown in conjunction with 
VSL everywhere. 
It was also noted that the plot of the average lane-change crash risk vs. time step 
was accepted (not that bad), and the magnitude of the increase in the crash risk over some 
time is very small and can be ignored. 
But, let’s have a look at the plot of the other type of crash risk vs. time step at the 
same stations, that is the plot of the rear-end crash risk vs. time step for implementing 
Ramp Metering and VSL everywhere as well as for implementing Ramp Metering 
downtown and VSL everywhere. 
5.3.1.1 Implementation of Ramp Metering Everywhere and VSL Everywhere 
Figure 5-42 shows the plot of the average rear-end crash risk vs. time step for 
implementing Ramp Metering and VSL everywhere  at station 20 E 0. 
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Figure 5-42: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that the magnitude of the variation in the crash risk 
over time is not high for cases 4 and 7. The crash risk curves for both cases look little 
smooth compared to the plot of the average lane-change crash risk vs. time step. 
However, case 7 looks much better as the increase in the crash risk when compared to the 
base case is less than that of case 4. Thus, this plot looks much better than the plot of the 
lane-change crash risk vs. time step. 
5.3.1.2 Implementation of Ramp Metering Downtown and VSL Everywhere 
Figure 5-43 shows the plot of the average rear-end crash risk vs. time step for 
implementing Ramp Metering downtown and VSL everywhere at station 20 E 0. 
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Figure 5-43: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that the magnitude of the variation in the crash risk 
over time is not high for cases 14 and 15. But, there is a little increase in the crash risk for 
both cases when compared to the base case at some time steps. This can be attributed to 
the fact that the VSL is implemented for 5 and 10 minutes for cases 14 and 15, 
respectively. This increase happens while not implementing VSL. However, this plot 
looks much better than the plot of the average lane-change crash risk vs. time step. But, 
let’s investigate the same cases at a different station, e.g. at station 16 E 0. This is shown 
in Figure 5-44. 
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Figure 5-44: Average Rear-End Crash Risk Profile at Station 16 E 0 
 
From this figure, we can note that the magnitude of the variation in the crash risk 
over time is not high for cases 14 and 15. Both curves look smooth. However, case 15 
looks much better as the increase in the crash risk when compared to the base case is less 
than that for case 14.  
Thus, in general, there is no need to modify or change the variables in the 
preliminary experimental design for the 60 percent loading. This is because the results are 
good, and the decrease in the crash risk is noticed in some areas across the simulated 
network for applying either Ramp Metering everywhere or downtown in conjunction 
with VSL everywhere. Therefore, 10 runs (or more) will be used in the final experimental 
design for all the 8 cases (cases 1 to 8) for applying Ramp Metering and VSL everywhere 
for the same preliminary experimental design at the 60 percent loading. Also, 10 runs (or 
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more) will be used for all the 8 cases (cases 9 to 16) for applying Ramp Metering 
downtown and VSL everywhere for the same preliminary experimental design at the 60 
percent loading. 
5.3.2 80 Percent Loading Scenario 
It was noted the there was a significant decrease in the lane-change crash risk in 
some areas across the network, which means there are safety benefits across the network 
for either implementing Ramp Metering everywhere or downtown in conjunction with 
VSL everywhere. But, we can note that the crash risk benefit for the 80 percent loading is 
less than that for the 60 percent loading. This is obvious in the cumulative ORERCI and 
OLCRCI values over the entire network, where these values for the 60 percent loading 
are much higher. 
It was also noted that the plot of the average lane-change crash risk vs. time step 
was not that good as the magnitude of the increase in the crash risk when compared to the 
base case was not small, and it was spreading over a lot of time steps. This was obvious 
for either implementing Ramp Metering everywhere or downtown in conjunction with 
VSL everywhere. 
But, let’s have a look at the plot of the rear-end crash risk vs. time step for 
implementing Ramp Metering and VSL everywhere as well as for implementing Ramp 
Metering downtown and VSL everywhere. 
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5.3.2.1 Implementation of Ramp Metering Everywhere and VSL Everywhere 
Figure 5-45 shows the plot of the average rear-end crash risk vs. time step for 
implementing Ramp Metering and VSL everywhere at station 20 E 0. 
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Figure 5-45: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that there is a trend of variation in the rear-end 
crash risk with time step, but the magnitude of variation is less than that in the case of the 
lane-change crash risk. Cases 1 and 5 have a lot increase in the crash risk when compared 
to the base case, and this increase is spreading widely across time step. This increase in 
the crash risk when compared to the base case represents not implementing VSL at this 
time. Thus, in spite of being better than the plot of the average lane-change crash risk vs. 
time step for the same station, the results here are not a good supporter. But, let’s 
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investigate the same cases at a different station, i.e. at station 14 E 0. This is shown in 
Figure 5-46. 
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Figure 5-46: Average Rear-End Crash Risk Profile at Station 14 E 0 
 
From this figure, we can note that the magnitude of variation in the rear-end crash 
risk with time step is much higher than Figure 5-45. Also, cases 1 and 5 have a lot 
increase in the crash risk when compared to the base case, and this increase is spreading 
widely across time step. This increase in the crash risk when compared to the base case 
represents not implementing VSL at this time. Thus, the results here are not a good 
supporter too. 
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5.3.2.2 Implementation of Ramp Metering Downtown and VSL Everywhere 
Figure 5-47 shows the plot of the average rear-end crash risk vs. time step for 
implementing Ramp Metering downtown and VSL everywhere at station 20 E 0. 
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35
Time step
Av
er
ag
e 
Re
ar
-E
nd
 C
ra
sh
 R
is
k
BASE
Case 13
Case 16
 
Figure 5-47: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that there is a trend of variation in the rear-end 
crash risk with time step. Cases 13 and 16 have a lot increase in the crash risk when 
compared to the base case, and this increase is spreading widely across time step. This 
increase in the crash risk when compared to the base case represents not implementing 
VSL at this time. We can also note that case 16 is much better than case 13 as the 
increase in the crash risk for case 16 when compared to the base case is much less than 
 184
that of case 13. And, let’s investigate the same cases at a different station, i.e. at station 
14 E 0. This is shown in Figure 5-48. 
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Figure 5-48: Average Rear-End Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-47, and especially for case 16. We 
can note that the magnitude of the increase in the crash risk is very small for both cases 
when compared to the base case.   
Thus, in order to reach the final experimental design at the 80 percent loading, 
adjustments should be applied first to some variables in the preliminary experimental 
design in order to improve the plot of the crash risk vs. time step. This is done through 
some trials. These trials include the change of some variables in the preliminary 
experimental design. For example, the speed change time and the speed change 
implementation. It is to be noted that 3 runs will be used at the beginning for these trials. 
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These trials are done for implementing Ramp Metering everywhere in conjunction with 
VSL everywhere. So, if these trials succeeded in improving the plot of the crash risk vs. 
time step, much more runs (10 runs) will be used in order to be more precise for 
implementing Ramp Metering everywhere in conjunction with VSL everywhere as well 
as for implementing Ramp Metering downtown in conjunction with VSL everywhere. 
5.3.3 90 Percent Loading Scenario 
It was noted the there was a significant decrease in the lane-change crash risk in 
some areas across the network, which means there are safety benefits across the network 
for implementing Ramp Metering everywhere in conjunction with VSL everywhere. But, 
there were not good results for implementing Ramp Metering downtown in conjunction 
with VSL everywhere. 
It was also noted that the plot of the average lane-change crash risk vs. time step 
was not that good as the magnitude of the increase in the crash risk when compared to the 
base case was not small, and it was spreading over a lot of time steps. This was shown for 
implementing Ramp Metering everywhere in conjunction with VSL everywhere. 
However, this plot for implementing Ramp Metering downtown in conjunction with VSL 
everywhere was not shown as the results from the analysis were unfavorable, and there 
was a trend of an increase in the crash risk. So, there was no need to show this plot. 
Now, let’s have a look at the plot of the rear-end crash risk vs. time step for 
implementing both Ramp Metering and VSL everywhere at station 20 E 0. This is shown 
in Figure 5-49. 
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Figure 5-49: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
This figure looks unfavorable as the trend of the increase in the crash risk over 
some time steps when compared to the base case is very much noticed for cases 6 and 7, 
and the magnitude of this increase is not that small, and is spreading widely across a lot 
of time steps. This increase in the crash risk when compared to the base case represents 
not implementing VSL at this time. But, let’s investigate the same cases at a different 
station, i.e. at station 14 E 0. This is shown in Figure 5-50. 
 
 187
Station 14 E 0
-1.2
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35
Time step
A
ve
ra
ge
 R
ea
r-E
nd
 C
ra
sh
 R
is
k
BASE
Case 6
Case 7
 
Figure 5-50: Average Rear-End Crash Risk Profile at Station 14 E 0 
 
This figure looks similar to Figure 5-49 as there is a trend of an increase in the 
crash risk over some time steps when compared to the base case for cases 6 and 7. And 
this increase in the crash risk when compared to the base case represents not 
implementing VSL at this time. However, the number of reductions in the crash risk over 
time in this plot is much more than that in Figure 5-49. 
Thus, in order to reach the final experimental design at the 90 percent loading, 
adjustments should be applied first to some variables in the preliminary experimental 
design in order to improve the plot of the crash risk vs. time step. This is done through 
some trials. These trials include the change of some variables in the preliminary 
experimental design. For example, the speed change time and the speed change 
implementation. It is to be noted that 3 runs will be used at the beginning for these trials. 
These trials are done for implementing Ramp Metering everywhere in conjunction with 
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VSL everywhere. So, if these trials succeeded in improving the plot of the crash risk vs. 
time step, much more runs (10 runs) will be used in order to be more precise. 
5.4 Trials to Improve the Results for 80 and 90 Percent Loadings 
In this section, the various trials that are used to improve the results for the 80 and 
90 percent loadings are listed and discussed. It is to be noted that 3 runs are used for one 
or two of the best cases. Then if better results are gained, much more runs (10 runs) will 
be used for all the cases in order to be more precise. 
5.4.1 80 Percent Loading Scenario 
For the 80 percent loading, adjustments will be applied to some variables in the 
preliminary experimental design in order to improve the plot of the crash risk vs. time 
step. These adjustments include changing two variables in the preliminary experimental 
design, that is the speed change time and the speed change implementation.  
5.4.1.1 Implementing Ramp Metering Everywhere and VSL Everywhere 
For implementing Ramp Metering strategy everywhere in conjunction with VSL 
strategy everywhere, trials for modifying the speed change time and the speed change 
implementation were used. They are discussed in the following sections. 
5.4.1.1.1 Changing the Speed Change Time 
The speed change time is the time period at which VSL is implemented. In the 
preliminary experimental design, 5 and 10 minutes were used. But, as previously 
indicated, the plot of the crash risk vs. time step was unfavorable, and the increase in the 
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crash risk when compared to the base case is very much noticed over a lot of time steps. 
Thus, a speed change time more than 10 minutes was tested. Speed change times of 15, 
20, 25 and 30 minutes were tested. They are listed and discussed in the following 
sections. 
5.4.1.1.1.1 Speed Change Time of 15 Minutes 
Implementing VSL everywhere for 15 minutes in conjunction with Ramp 
Metering everywhere for cases 1 and 5 over the simulated network was tested. The 
results are discussed here in this section. 
Table 5-75 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere. (The Zone algorithm 
is implemented in downtown areas and the ALINEA algorithm is implemented in non 
downtown areas, the cycle length for the ALINEA algorithm is 30 seconds, the critical 
occupancy is 0.17 and the cycle length for the Zone algorithm is 60 seconds).  
Table 5-75: Summary for the VSL Strategy with 15 Minutes Speed Change Time 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
1 -5 / +5 2.5 0.5 15 
5 -5 / +5 5 0.5 15 
 
Figure 5-51 shows the plot of the average lane-change crash risk vs. time step for 
cases 1 and 5 and the base case at station 20 E 0. 
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Figure 5-51: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that the trend of the increase in the crash risk for 
cases 1 and 5 over some time steps when compared to the base case is very much noticed, 
and the magnitude of this increase is not that small, and is spreading widely across a lot 
of time steps. This increase in the crash risk when compared to the base case represents 
not implementing VSL at this time. Also, there is a dominant trend of a reduction in the 
crash risk. But, let’s investigate the same cases at a different station, i.e. at station 14 E 0. 
This is shown in Figure 5-52. 
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Figure 5-52: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-51. We can note that there is an 
obvious reduction in the crash risk vs. time step. Moreover, there is not much increase in 
the magnitude of the crash risk for cases 1 and 5 when compared to the base case, and 
especially for case 1. 
Therefore, implementing VSL strategy everywhere for 15 minutes in conjunction 
with implementing Ramp Metering strategy everywhere improved the plot of the lane-
change crash risk vs. time step. This is much more obvious at station 14 E 0. The reason 
for having better results at station 14 E 0 than at station 20 E 0 can be attributed to the 
fact that station 14 E 0 lies on a straight section, where there is no much likelihood of 
having a crash. But, station 20 E 0 lies just upstream of the I-4 / Turnpike interchange, 
where there is much turbulence in the traffic flow due to lane-change maneuvers as well 
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as merging and diverging maneuvers. Therefore, the likelihood of having a crash at 
station 20 E 0 is higher. But, let’s investigate the plot of the rear-end crash risk vs. time 
step. 
Figure 5-53 shows the plot of the average rear-end crash risk vs. time step for 
implementing Ramp Metering and VSL everywhere (15 minutes VSL) at station 20 E 0. 
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Figure 5-53: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
This figure has a trend of an increase in the crash risk for cases 1 and 5 over some 
time steps when compared to the base case. But, as previously indicated, station 20 E 0 
lies in a very bad location just upstream of the I-4 / Turnpike interchange, where the 
likelihood of having crashes is high. However, there is still an obvious trend of a decrease 
in the crash risk over time step. Now, let’s look at this plot at a different station, i.e. at 
station 14 E 0. This is shown in Figure 5-54. 
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Figure 5-54: Average Rear-End Crash Risk Profile at Station 14 E 0 
 
From this figure, we can note that case 1 is much better than case 5. This is 
because there is almost no increase in the crash risk for case 1 when compared to the base 
case. But, for case 5, there is an increase in the crash risk over some time steps, and the 
magnitude of this increase is not small. However, there is still an obvious trend of a 
decrease in the crash risk over time step. Thus, we can conclude that the plot of the 
average rear-end crash risk vs. time step for case 5 is not that good, and this eliminates 
the advantage of the improvement in the plot of the average lane-change crash risk vs. 
time step. 
Thus, we can note that implementing VSL everywhere over the simulated 
network for 15 minutes in conjunction with implementing Ramp Metering everywhere 
improved the plot of the average lane-change crash risk vs. time step for cases 1 and 5, 
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and did not improve the plot of the average rear-end crash risk vs. time step for case 5. 
This was obvious in Figure 5-54. 
And in general, implementing VSL everywhere over the simulated network for 15 
minutes in conjunction with implementing Ramp Metering everywhere can not be 
recommended for use in the final experimental design. 
5.4.1.1.1.2 Speed Change Time of 20 Minutes 
Implementing VSL everywhere for 20 minutes in conjunction with Ramp 
Metering everywhere for case 5 over the simulated network was tested. The results are 
discussed here in this section. 
Table 5-76 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-76: Summary for the VSL Strategy with 20 Minutes Speed Change Time 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
5 -5 / +5 5 0.5 20 
 
Figure 5-55 shows the plot of the average lane-change crash risk vs. time step for 
case 5 and the base case at station 20 E 0. 
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Figure 5-55: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that the trend of the increase in the crash risk for 
case 5 over some time steps when compared to the base case is noticed, and the 
magnitude of this increase is not that small, and is spreading over some time steps. This 
increase in the crash risk when compared to the base case represents not implementing 
VSL at this time. Also, there is a dominant trend of a reduction in the crash risk. But, let’s 
investigate the same cases at a different station, i.e. at station 14 E 0. This is shown in 
Figure 5-56. 
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Figure 5-56: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-55. We can note that there is an 
obvious reduction in the crash risk vs. time step. Moreover, there is not much increase in 
the magnitude of the crash risk for case 5 when compared to the base case. 
Therefore, implementing VSL strategy everywhere for 20 minutes in conjunction 
with implementing Ramp Metering strategy everywhere improved the plot of the lane-
change crash risk vs. time step. This is much more obvious at station 14 E 0. But, let’s 
investigate the plot of the rear-end crash risk vs. time step. 
Figure 5-57 shows the plot of the average rear-end crash risk vs. time step for 
implementing Ramp Metering and VSL everywhere (20 minutes VSL) at station 20 E 0. 
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Figure 5-57: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
This figure has a trend of an increase in the crash risk for case 5 over some time 
steps when compared to the base case. However, there is still an obvious trend of a 
decrease in the crash risk over time step. Now, let’s look at this plot at a different station, 
i.e. at station 14 E 0. This is shown in Figure 5-58. 
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Figure 5-58: Average Rear-End Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-57, and there is an obvious trend of a 
decrease in the crash risk over time step. However, we can note that there is an increase 
in the crash risk over some time steps for case 5 when compared to the base case, and the 
magnitude of this increase is not small. Thus, we can conclude that the plot of the average 
rear-end crash risk vs. time step for case 5 is not that good, and this eliminates the 
advantage of the improvement in the plot of the average lane-change crash risk vs. time 
step. 
Thus, we can note that implementing VSL everywhere over the simulated 
network for 20 minutes in conjunction with implementing Ramp Metering everywhere 
improved the plot of the average lane-change crash risk vs. time step for case 5, and did 
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not improve the plot of the average rear-end crash risk vs. time step for case 5. This was 
obvious in Figures 5-57 and 5-58.  
And in general, implementing VSL everywhere over the simulated network for 20 
minutes in conjunction with implementing Ramp Metering everywhere can not be 
recommended for use in the final experimental design. 
5.4.1.1.1.3 Speed Change Time of 25 Minutes 
Implementing VSL everywhere for 25 minutes in conjunction with Ramp 
Metering everywhere for case 5 over the simulated network was tested. The results are 
discussed here in this section. 
Table 5-77 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
 
Table 5-77: Summary for the VSL Strategy with 25 Minutes Speed Change Time 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
5 -5 / +5 5 0.5 25 
 
Figure 5-59 shows the plot of the average lane-change crash risk vs. time step for 
case 5 and the base case at station 20 E 0. 
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Figure 5-59: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that there is a little increase in the crash risk for case 
5 over some time steps when compared to the base case. Also, the magnitude of this 
increase is small, and is not spreading widely over time step. Moreover, there is a 
dominant trend of a reduction in the crash risk. But, let’s investigate the same cases at a 
different station, i.e. at station 14 E 0. This is shown in Figure 5-60. 
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Figure 5-60: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
From this figure, we can note that there is an obvious reduction in the crash risk 
vs. time step. Moreover, there is not much increase in the magnitude of the crash risk for 
case 5 when compared to the base case. 
Therefore, implementing VSL strategy everywhere for 25 minutes in conjunction 
with implementing Ramp Metering strategy everywhere improved the plot of the lane-
change crash risk vs. time step. But, let’s investigate the plot of the rear-end crash risk vs. 
time step. 
Figure 5-61 shows the plot of the average rear-end crash risk vs. time step for 
implementing Ramp Metering and VSL everywhere (25 minutes VSL) at station 20 E 0. 
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Figure 5-61: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
This figure has a trend of an increase in the crash risk for case 5 over some time 
steps when compared to the base case. However, there is still an obvious trend of a 
decrease in the crash risk over time step. Now, let’s look at this plot at a different station, 
i.e. at station 14 E 0. This is shown in Figure 5-62. 
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Figure 5-62: Average Rear-End Crash Risk Profile at Station 14 E 0 
 
From this figure, we can note that there is an obvious trend of a decrease in the 
crash risk over time step. However, we can note that there is an increase in the crash risk 
over some time steps for case 5 when compared to the base case, and the magnitude of 
this increase is not small. Thus, we can conclude that the plot of the average rear-end 
crash risk vs. time step for case 5 is not that good, and this eliminates the advantage of 
the improvement in the plot of the average lane-change crash risk vs. time step. 
Thus, we can note that implementing VSL everywhere over the simulated 
network for 25 minutes in conjunction with implementing Ramp Metering everywhere 
improved the plot of the average lane-change crash risk vs. time step for case 5, and did 
not improve the plot of the average rear-end crash risk vs. time step for case 5. This was 
obvious in Figure 5-62. 
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And in general, implementing VSL everywhere over the simulated network for 25 
minutes in conjunction with implementing Ramp Metering everywhere can not be 
recommended for use in the final experimental design. 
5.4.1.1.1.4 Speed Change Time of 30 Minutes 
Implementing VSL everywhere for 30 minutes in conjunction with Ramp 
Metering everywhere for case 5 over the simulated network was tested. The results are 
discussed here in this section. 
Table 5-78 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
 
Table 5-78: Summary for the VSL Strategy with 30 Minutes Speed Change Time 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
5 -5 / +5 5 0.5 30 
 
Figure 5-63 shows the plot of the average lane-change crash risk vs. time step for 
case 5 and the base case at station 20 E 0. 
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Figure 5-63: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that there is a little increase in the crash risk for case 
5 over some time steps when compared to the base case. Also, the magnitude of this 
increase is small, and is not spreading widely over time step. Moreover, there is a 
dominant trend of a reduction in the crash risk. But, let’s investigate the same cases at a 
different station, i.e. at station 14 E 0. This is shown in Figure 5-64. 
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Figure 5-64: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
From this figure, we can note that there is an obvious reduction in the crash risk 
vs. time step. Moreover, there is not much increase in the magnitude of the crash risk for 
case 5 when compared to the base case. 
Therefore, implementing VSL strategy everywhere for 30 minutes in conjunction 
with implementing Ramp Metering strategy everywhere improved the plot of the lane-
change crash risk vs. time step. But, let’s investigate the plot of the rear-end crash risk vs. 
time step. 
Figure 5-65 shows the plot of the average rear-end crash risk vs. time step for 
implementing Ramp Metering and VSL everywhere (30 minutes VSL) at station 20 E 0. 
 207
Station 20 E 0
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35
Time step
A
ve
ra
ge
 R
ea
r-E
nd
 C
ra
sh
 R
is
k
BASE
Case 5
 
Figure 5-65: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
This figure has a trend of an increase in the crash risk for case 5 over some time 
steps when compared to the base case. However, there is still an obvious trend of a 
decrease in the crash risk over time step. Now, let’s look at this plot at a different station, 
i.e. at station 14 E 0. This is shown in Figure 5-66. 
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Figure 5-66: Average Rear-End Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-65. This is because there is almost no 
increase in the crash risk for case 7 when compared to the base case. We can also note 
that there is a dominant trend of a reduction in the crash risk. 
Thus, we can note that implementing VSL everywhere over the simulated 
network for 30 minutes in conjunction with implementing Ramp Metering everywhere 
improved the plot of the crash risk vs. time step. And, hence, this trial succeeded in 
reducing the crash risk over time with almost very rare increase in the crash risk over 
time. 
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5.4.1.1.2 Changing the Speed Change Implementation 
For the 80 percent loading, the speed change implementation in the preliminary 
experimental design includes decreasing the speed limit upstream of the station of interest 
by 5 mph as well as increasing the speed limit downstream of the station of interest by 5 
mph. But, as previously indicated, the plot of the crash risk vs. time step was unfavorable, 
and the increase in the crash risk when compared to the base case is very much noticed 
over a lot of time steps. Thus, some modifications were applied to the preliminary 
experimental design in order to improve this plot as much as possible. 
There were 4 trials tested. These trials include decreasing only the speed limit 
upstream of the station of interest by 5 mph, decreasing only the speed limit upstream of 
the station of interest by 10 mph, increasing only the speed limit downstream of the 
station of interest by 5 mph and increasing only the speed limit downstream of the station 
of interest by 10. mph. All these trials are listed and discussed in the following sections. 
5.4.1.1.2.1 Decreasing Upstream Speed Limit of the Station of Interest by 
5 mph 
Table 5-79 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
 
Table 5-79: Summary for the VSL Strategy 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
5 -5 mph Upstream 5 0.5 10 
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 Figure 5-67 shows the plot of the average lane-change crash risk vs. time step for 
case 5 and the base case at station 20 E 0. 
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Figure 5-67: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that there is a little increase in the crash risk for case 
5 over some time steps when compared to the base case. Also, the magnitude of this 
increase is small, and is not spreading widely over time step. Moreover, there is a 
dominant trend of a reduction in the crash risk. But, let’s investigate the same cases at a 
different station, i.e. at station 14 E 0. This is shown in Figure 5-68. 
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Figure 5-68: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
From this figure, we can note that there is an obvious reduction in the crash risk 
vs. time step. Moreover, there is not much increase in the magnitude of the crash risk for 
case 5 when compared to the base case. 
Therefore, decreasing only the speed limit upstream of the station of interest by 5 
mph while implementing VSL strategy everywhere in conjunction with implementing 
Ramp Metering strategy everywhere improved the plot of the lane-change crash risk vs. 
time step. This is much more obvious at station 14 E 0 than at station 20 E 0. But, let’s 
investigate the plot of the rear-end crash risk vs. time step. 
Figure 5-69 shows the plot of the average rear-end crash risk vs. time step for 
implementing Ramp Metering everywhere and VSL everywhere (with the trial of 
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decreasing only the speed limit upstream of the station of interest by 5 mph) at station 20 
E 0. 
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Figure 5-69: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
This figure has a trend of an increase in the crash risk for case 5 over few time 
steps when compared to the base case. However, there is still an obvious trend of a 
decrease in the crash risk over time step. Now, let’s look at this plot at a different station, 
i.e. at station 14 E 0. This is shown in Figure 5-70. 
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Figure 5-70: Average Rear-End Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-69. This is because there is almost no 
increase in the crash risk for case 7 when compared to the base case except at two time 
steps, which is acceptable. We can also note that there is a dominant trend of a reduction 
in the crash risk. 
Thus, we can note that decreasing only the speed limit upstream of the station of 
interest by 5 mph while implementing VSL strategy everywhere in conjunction with 
implementing Ramp Metering strategy everywhere improved the plot of the crash risk vs. 
time step. And, hence, this trial succeeded in reducing the crash risk over time with 
almost very rare increase in the crash risk over time. 
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5.4.1.1.2.2 Decreasing Upstream Speed Limit of the Station of Interest by 
10 mph 
Table 5-80 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-80: Summary for the VSL Strategy 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
5 -10 mph Upstream 5 0.5 10 
 
Figure 5-71 shows the plot of the average lane-change crash risk vs. time step for 
case 5 and the base case at station 20 E 0.  
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Figure 5-71: Average Lane-Change Crash Risk Profile at Station 20 E 0 
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From this figure, we can note that there is some increase in the crash risk for case 
5 over some time steps when compared to the base case. Also, the magnitude of this 
increase is not that large, and is not spreading widely over time step. Moreover, there is a 
dominant trend of a reduction in the crash risk. But, let’s investigate the same cases at a 
different station, i.e. at station 14 E 0. This is shown in Figure 5-72. 
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Figure 5-72: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
This figure looks a little better than Figure 5-71. However, this figure suffers an 
increase in the crash risk, but it is not spreading over a wide region of time steps.  
Thus, from Figures 5-71 and 5-72, we can note that decreasing only the speed 
limit upstream of the station of interest by 10 mph in the VSL strategy everywhere that is 
used in conjunction with Ramp Metering strategy everywhere did not improve much the 
plot of the crash risk vs. time step.  
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5.4.1.1.2.3 Increasing Downstream Speed Limit of the Station of Interest 
by 5 mph 
Table 5-81 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-81: Summary for the VSL Strategy 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
5 
+5 mph 
Downstream 5 0.5 10 
 
Figure 5-73 shows the plot of the average lane-change crash risk vs. time step for 
case 5 and the base case at station 20 E 0. 
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Figure 5-73: Average Lane-Change Crash Risk Profile at Station 20 E 0 
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From this figure, we can note that there is some increase in the crash risk for case 
5 over some time steps when compared to the base case. Also, the magnitude of this 
increase is not that large, and is not spreading widely over time step. Moreover, there is a 
dominant trend of a reduction in the crash risk. But, let’s investigate the same cases at a 
different station, i.e. at station 14 E 0. This is shown in Figure 5-74. 
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Figure 5-74: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks a little better than Figure 5-73. However, this figure suffers an 
increase in the crash risk, but it is not spreading over a wide region of time steps.  
Thus, from Figures 5-73 and 5-74, we can note that increasing only the speed 
limit downstream of the station of interest by 5 mph in the VSL strategy everywhere that 
is used in conjunction with Ramp Metering strategy everywhere did not improve much 
the plot of the crash risk vs. time step.  
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5.4.1.1.2.4 Increasing Downstream Speed Limit of the Station of Interest 
by 10 mph 
Table 5-82 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-82: Summary for the VSL Strategy 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
5 
+10 mph 
Downstream 5 0.5 10 
 
Figure 5-75 shows the plot of the average lane-change crash risk vs. time step for 
case 5 and the base case at station 20 E 0. 
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Figure 5-75: Average Lane-Change Crash Risk Profile at Station 20 E 0 
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From this figure, we can note that there is some increase in the crash risk for case 
5 over some time steps when compared to the base case. Also, the magnitude of this 
increase is not that large, and is not spreading widely over time step. Moreover, there is a 
dominant trend of a reduction in the crash risk. But, let’s investigate the same cases at a 
different station, i.e. at station 14 E 0. This is shown in Figure 5-76. 
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Figure 5-76: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure suffers an increase in the crash risk over some time steps, but it is not 
spreading over a wide region of time steps.  
Thus, from Figures 5-75 and 5-76, we can note that increasing only the speed 
limit downstream of the station of interest by 10 mph in the VSL strategy everywhere 
that is used in conjunction with Ramp Metering strategy everywhere did not improve 
much the plot of the crash risk vs. time step.  
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5.4.1.1.2.5 Implementing a Speed Change Time of 30 Minutes and 
Decreasing Upstream Speed Limit by 5 mph  
Since two trials succeeded in improving the plot of the crash risk vs. time step, a 
trial to mix these two trials was used. This trial is to implement a speed change time of 30 
minutes in addition to decreasing only the speed limit upstream of the station of interest 
by 5 mph for the VSL strategy. This trial was used because better results may be 
expected to happen.  
Table 5-68 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-83: Summary for the VSL Strategy 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
5 -5 mph Upstream 5 0.5 30 
 
Figure 5-77 shows the plot of the average lane-change crash risk vs. time step for 
case 5 and the base case at station 20 E 0. 
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Figure 5-77: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that the trend of the increase in the crash risk for 
case 5 over some time steps when compared to the base case is noticed, and the 
magnitude of this increase is not that small, and is spreading over some time steps. This 
increase in the crash risk when compared to the base case represents not implementing 
VSL at this time. Also, there is a dominant trend of a reduction in the crash risk. But, let’s 
investigate the same cases at a different station, i.e. at station 14 E 0. This is shown in 
Figure 5-78. 
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Figure 5-78: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks a little better than Figure 5-77. However, this figure suffers an 
increase in the crash risk, but it is not spreading over a wide region of time steps.  
Thus, from Figures 5-77 and 5-78, we can note that implementing a speed change 
time of 30 minutes in addition to decreasing only the speed limit upstream of the station 
of interest by 5 mph in the VSL strategy everywhere that is used in conjunction with 
Ramp Metering strategy everywhere did not improve the plot of the crash risk vs. time 
step.  
Finally, we can conclude that there are two trials that improved the plot of the 
crash risk vs. time step. The first one is implementing VSL everywhere over the 
simulated network for 30 minutes in conjunction with implementing Ramp Metering 
everywhere, and the second one is decreasing only the speed limit upstream of the station 
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of interest by 5 mph while implementing VSL strategy everywhere in conjunction with 
implementing Ramp Metering strategy everywhere. 
The problem now is which of these two trials that improved the plot of the crash 
risk vs. time step to capture to be applied for all the 8 cases for the final experimental 
design. By comparing Figures 5-64 and 5-66 with Figures 5-68 and 5-70 for the crash 
risk values for case 5 at station 14 E 0, we can note that there are much more 
improvement for implementing VSL strategy for 30 minutes than decreasing only the 
speed limit upstream of the station of interest by 5 mph while implementing the VSL 
strategy everywhere. This is shown in Table 5-84. It is to be noted that station 14 E 0 was 
chosen for the comparison (not station 20 E 0) since station 14 E 0 lies in a straight 
section, which is an ideal location for making this comparison.  
Table 5-84: Summary for the Normal Case (10 min. VSL) and the Two Successful Trials 
    
10 min. 
VSL 
30 min. 
VSL 
Decrease of 5 
mph 
(Upstream) 
Max. Crash 
Risk Value 0.5 0.4 0.42 Lane-
Change Min. Crash 
Risk Value -0.9 -1.2 -1.2 
Max. Crash 
Risk Value -0.2 -0.42 -0.3 Rear-End 
Min. Crash 
Risk Value -0.92 -0.92 -0.9 
 
From this table, we can note that there is more reduction in the lane-change crash 
risk values and the rear-end crash risk values for the trial of implementing VSL strategy 
for 30 minutes. For more assessment, a paired t-test was used to confirm that the trial of 
implementing VSL strategy for 30 minutes is more effective than the trial of decreasing 
only the speed limit upstream of the station of interest by 5 mph while implementing the 
VSL strategy everywhere. The results of this paired t-test are shown in Table 5-85. 
 224
Table 5-85: Comparison between the Two Successful Trials 
  30 min. VSL 
Decrease of 5 mph 
(Upstream) 
t-statistic 2.35 1.716 
p-value 0.05 0.09 
t-critical 2.35 2.35 
 
From this table, we can conclude that there is a significant decrease in the crash 
risk for implementing VSL strategy for 30 minutes than the normal case (10 min. VSL) at 
a 95 % confidence level. The t-statistic value is 2.35, which is the same value as the t-
critical. The resulting p-value is 0.05. For decreasing only the speed limit upstream of the 
station of interest by 5 mph while implementing the VSL strategy everywhere, there is a 
decrease in the crash risk values, but this decrease is not deemed significant as the t-
statistic value is 1.716, which is less than the t-critical value (2.35). Also, the resulting p-
value is 0.09, which is higher than 0.05. 
Thus, the final experimental design at the 80 percent loading for implementing 
Ramp Metering and VSL strategies everywhere that was deemed effective to yield 
favorable results is shown in Tables 5-86 and 5-87. 
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Table 5-86: Best VSL Strategy Scenarios for the Final Experimental Design for the 80 Percent 
Loading for Implementing Ramp Metering Everywhere and VSL Everywhere 
Scenario    
ID 
Speed    Change 
Implementation 
Speed    Zone      
Definition (mph) 
Speed   Change 
Distance 
Speed    Change     
Time (min)  
17 -5 / +5 2.5 0.5 30 
18 -5 / +5 2.5 1 30 
19 -5 / +5 5 0.5 30 
20 -5 / +5 5 1 30 
 
Table 5-87: Best Ramp Metering Strategy Scenarios for the Final Experimental Design for the 80 
Percent Loading for Implementing Ramp Metering Everywhere and VSL Everywhere 
Scenario     ID 
Ramp    Metering 
Algorithm 
Cycle    Length     
for ALINEA (sec) 
Critical    
Occupancy 
Cycle   Length    
for Zone (sec) 
17, 18, 19 and 20 
ALINEA Non 
Downtown / Zone 
Downtown  30 0.17 60 
 
5.4.2 90 Percent Loading Scenario 
For the 90 percent loading, adjustments will be applied to some variables in the 
preliminary experimental design in order to improve the plot of the crash risk vs. time 
step. These adjustments include changing some variables in the preliminary experimental 
design, that is the cycle length for the Zone algorithm, the speed change time and the 
speed change implementation.  
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5.4.2.1 Implementing Ramp Metering Everywhere and VSL Everywhere 
For implementing Ramp Metering strategy everywhere in conjunction with VSL 
strategy everywhere, trials for modifying the speed change time and the speed change 
implementation were used. They are discussed in the following sections. 
5.4.2.1.1 Changing the Speed Change Time 
As previously indicated, the plot of the crash risk vs. time step was unfavorable, 
and the increase in the crash risk when compared to the base case is very much noticed 
over a lot of time steps. Thus, a speed change time more than 10 minutes was tested. 
Speed change times of 15, 20, 25 and 30 minutes were tested. They are listed and 
discussed in the following sections. 
5.4.2.1.1.1 Speed Change Time of 15 Minutes 
Implementing VSL everywhere for 15 minutes in conjunction with Ramp 
Metering everywhere for case 7 over the simulated network was tested. The results are 
discussed here in this section. 
Table 5-68 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere. (The Zone algorithm 
is implemented in downtown areas and the ALINEA algorithm is implemented in non 
downtown areas, the cycle length for the ALINEA algorithm is 30 seconds, the critical 
occupancy is 0.17 and the cycle length for the Zone algorithm is 60 seconds).  
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Table 5-88: Summary for the VSL Strategy with 15 Minutes Speed Change Time 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
7 -5 / +5 5 1 15 
 
Figure 5-79 shows the plot of the average lane-change crash risk vs. time step for 
case 7 and the base case at station 20 E 0. 
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Figure 5-79: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that the trend of the increase in the crash risk for 
case 7 over some time steps when compared to the base case is very much noticed, and 
the magnitude of this increase is not that small, and is spreading widely across a lot of 
time steps. This increase in the crash risk when compared to the base case represents not 
implementing VSL at this time. But, let’s investigate the same cases at a different station, 
i.e. at station 14 E 0. This is shown in Figure 5-80. 
 228
Station 14 E 0
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35
Tim e  ste p
A
ve
ra
ge
 L
an
e-
C
ha
ng
e 
C
ra
sh
 R
is
k
B ASE
C ase 7
 
Figure 5-80: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-79, but is still not that good. This is 
because there are some time steps that suffer an increase in the crash risk, but it is not 
spreading over a wide region of time steps. 
Thus, from Figures 5-79 and 5-80, we can note that implementing VSL for 15 
minutes everywhere over the simulated network in conjunction with implementing Ramp 
Metering everywhere did not improve the plot of the crash risk vs. time step.  
5.4.2.1.1.2 Speed Change Time of 20 Minutes 
Implementing VSL everywhere for 20 minutes in conjunction with Ramp 
Metering everywhere for case 7 over the simulated network was tested. The results are 
discussed here in this section. 
 229
Table 5-89 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-89: Summary for the VSL Strategy with 20 Minutes Speed Change Time 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
7 -5 / +5 5 1 20 
 
Figure 5-81 shows the plot of the average lane-change crash risk vs. time step for 
case 7 and the base case at station 20 E 0. 
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Figure 5-81: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that the trend of the increase in the crash risk for 
case 7 over some time steps when compared to the base case is very much noticed, and 
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the magnitude of this increase is not that small, and is spreading widely across a lot of 
time steps. This increase in the crash risk when compared to the base case represents not 
implementing VSL at this time. But, let’s investigate the same cases at a different station, 
i.e. at station 14 E 0. This is shown in Figure 5-82. 
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Figure 5-82: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-81. This is because there is almost no 
increase in the crash risk for case 7 when compared to the base case. We can also note 
that there is a reduction in the crash risk. 
Therefore, implementing VSL strategy everywhere for 20 minutes in conjunction 
with implementing Ramp Metering strategy everywhere improved the plot of the lane-
change crash risk vs. time step. This is much more obvious at station 14 E 0. The reason 
for this was illustrated in the 80 percent loading scenario. But, let’s investigate the plot of 
the rear-end crash risk vs. time step. 
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Figure 5-83 shows the plot of the average rear-end crash risk vs. time step for 
implementing Ramp Metering and VSL everywhere (20 minutes VSL) at station 20 E 0. 
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Figure 5-83: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
This figure has a trend of an increase in the crash risk for case 7 over some time 
steps when compared to the base case. But, as previously indicated, station 20 E 0 lies in 
a very bad location just upstream of the I-4 / Turnpike interchange, where the likelihood 
of having crashes is high. So, let’s look at this plot at a different station, i.e. at station 14 
E 0. This is shown in Figure 5-84. 
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Figure 5-84: Average Rear-End Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-83. This is because there is almost no 
increase in the crash risk for case 7 when compared to the base case. We can also note 
that there is a dominant trend of a reduction in the crash risk. 
Thus, we can note that implementing VSL everywhere over the simulated 
network for 20 minutes in conjunction with implementing Ramp Metering everywhere 
improved the plot of the crash risk vs. time step. And, hence, this trial succeeded in 
reducing the crash risk over time with almost very rare increase in the crash risk over 
time. 
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5.4.2.1.1.3 Speed Change Time of 25 Minutes  
Implementing VSL everywhere for 25 minutes in conjunction with Ramp 
Metering everywhere for case 7 over the simulated network was tested. The results are 
discussed here in this section. 
Table 5-90 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-90: Summary for the VSL Strategy with 25 Minutes Speed Change Time 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
7 -5 / +5 5 1 25 
 
Figure 5-85 shows the plot of the average lane-change crash risk vs. time step for 
case 7 and the base case at station 20 E 0. 
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Figure 5-85: Average Lane-Change Crash Risk Profile at Station 20 E 0 
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From this figure, we can note that there is a trend of an increase in the crash risk 
for case 7 over some time steps when compared to the base case. The magnitude of this 
increase is not that small, and is spreading widely across a lot of time steps. This increase 
in the crash risk when compared to the base case represents not implementing VSL at this 
time. But, let’s investigate the same cases at a different station, i.e. at station 14 E 0. This 
is shown in Figure 5-86. 
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Figure 5-86: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-85, but is still not that good. This is 
because there are some time steps that suffer an increase in the crash risk, but it is not 
spreading over a wide region of time steps. Figure 5-82 looks much better than this figure 
as the magnitude of the increase in the crash risk is much smaller than that increase in 
this plot.  
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Thus, from Figures 5-85 and 5-86, we can note that implementing VSL for 25 
minutes everywhere over the simulated network in conjunction with implementing Ramp 
Metering everywhere did not improve much the plot of the crash risk vs. time step.  
This means that implementing VSL for 20 minutes everywhere in conjunction 
with Ramp Metering everywhere is better than implementing VSL for 25 minutes 
everywhere in conjunction with Ramp Metering everywhere. 
5.4.2.1.1.4 Speed Change Time of 30 Minutes 
Implementing VSL everywhere for 30 minutes in conjunction with Ramp 
Metering everywhere for case 7 over the simulated network was tested. The results are 
discussed here in this section. 
Table 5-91 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-91: Summary for the VSL Strategy with 30 Minutes Speed Change Time 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
7 -5 / +5 5 1 30 
 
Figure 5-87 shows the plot of the average lane-change crash risk vs. time step for 
case 7 and the base case at station 20 E 0. 
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Figure 5-87: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that there is a trend of an increase in the crash risk 
for case 7 over some time steps when compared to the base case. The magnitude of this 
increase is not that small, and is spreading widely across a lot of time steps. This increase 
in the crash risk when compared to the base case represents not implementing VSL at this 
time. But, let’s investigate the same cases at a different station, i.e. at station 14 E 0. This 
is shown in Figure 5-88. 
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Figure 5-88: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-87, but is still not that good. This is 
because there are some time steps that suffer an increase in the crash risk, but it is not 
spreading over a wide region of time steps. Figure 5-82 looks much better than this figure 
as the magnitude of the increase in the crash risk is much smaller than that increase in 
this plot.  
Thus, from Figures 5-87 and 5-88, we can note that implementing VSL for 30 
minutes everywhere over the simulated network in conjunction with implementing Ramp 
Metering everywhere did not improve much the plot of the crash risk vs. time step.  
This means that implementing VSL for 20 minutes everywhere in conjunction 
with Ramp Metering everywhere is better than implementing VSL for 30 minutes 
everywhere in conjunction with Ramp Metering everywhere. 
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5.4.2.1.2 Changing the Speed Change Implementation 
For the 90 percent loading, the speed change implementation in the preliminary 
experimental design includes decreasing the speed limit upstream of the station of interest 
by 5 mph as well as increasing the speed limit downstream of the station of interest by 5 
mph. But, as previously indicated, the plot of the crash risk vs. time step was unfavorable, 
and the increase in the crash risk when compared to the base case is very much noticed 
over a lot of time steps. Thus, some modifications were applied to the preliminary 
experimental design in order to improve this plot as much as possible. 
As in the case of the 80 percent loading, there were also 4 trials tested. These 
trials include decreasing only the speed limit upstream of the station of interest by 5 mph, 
decreasing only the speed limit upstream of the station of interest by 10 mph, increasing 
only the speed limit downstream of the station of interest by 5 mph and increasing only 
the speed limit downstream of the station of interest by 10. mph. All these trials are listed 
and discussed in the following sections. 
5.4.2.1.2.1 Decreasing Upstream Speed Limit of the Station of Interest by 
5 mph 
Table 5-92 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-92: Summary for the VSL Strategy 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
7 -5 mph Upstream 5 1 10 
 239
 Figure 5-89 shows the plot of the average lane-change crash risk vs. time step for 
case 7 and the base case at station 20 E 0. 
Station 20 E 0
-1.0
-0.8
-0.6
-0.4
-0.2
0.0
0.2
0.4
0.6
0.8
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33 35
Time step
Av
er
ag
e 
La
ne
-C
ha
ng
e 
C
ra
sh
 R
is
k
BASE
Case 7
 
Figure 5-89: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that there is a trend of an increase in the crash risk 
for case 7 over some time steps when compared to the base case. The magnitude of this 
increase is not that small, and is spreading widely across a lot of time steps. This increase 
in the crash risk when compared to the base case represents not implementing VSL at this 
time. But, let’s investigate the same cases at a different station, i.e. at station 14 E 0. This 
is shown in Figure 5-90. 
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Figure 5-90: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks a little better than Figure 5-89. However, this figure suffers an 
increase in the crash risk, but it is not spreading over a wide region of time steps.  
Thus, from Figures 5-89 and 5-90, we can note that decreasing only the speed 
limit upstream of the station of interest by 5 mph in the VSL strategy everywhere that is 
used in conjunction with Ramp Metering strategy everywhere did not improve the plot of 
the crash risk vs. time step.  
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5.4.2.1.2.2 Decreasing Upstream Speed Limit of the Station of Interest by 
10 mph 
Table 5-93 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-93: Summary for the VSL Strategy 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
7 -10 mph Upstream 5 1 10 
 
Figure 5-91 shows the plot of the average lane-change crash risk vs. time step for 
case 7 and the base case at station 20 E 0. 
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Figure 5-91: Average Lane-Change Crash Risk Profile at Station 20 E 0 
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From this figure, we can note that there is a trend of an increase in the crash risk 
for case 7 over some time steps when compared to the base case. The magnitude of this 
increase is not that small, and is spreading widely across a lot of time steps. This increase 
in the crash risk when compared to the base case represents not implementing VSL at this 
time. But, let’s investigate the same cases at a different station, i.e. at station 14 E 0. This 
is shown in Figure 5-92. 
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Figure 5-92: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks a little better than Figure 5-91. However, this figure suffers an 
increase in the crash risk, but it is not spreading over a wide region of time steps.  
Thus, from Figures 5-91 and 5-92, we can note that decreasing only the speed 
limit upstream of the station of interest by 10 mph in the VSL strategy everywhere that is 
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used in conjunction with Ramp Metering strategy everywhere did not improve the plot of 
the crash risk vs. time step.  
5.4.2.1.2.3 Increasing Downstream Speed Limit of the Station of Interest 
by 5 mph 
Table 5-94 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-94: Summary for the VSL Strategy 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
7 
+5 mph 
Downstream 5 1 10 
 
Figure 5-93 shows the plot of the average lane-change crash risk vs. time step for 
case 7 and the base case at station 20 E 0. 
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Figure 5-93: Average Lane-Change Crash Risk Profile at Station 20 E 0  
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From this figure, we can note that there is a trend of an increase in the crash risk 
for case 7 over some time steps when compared to the base case. The magnitude of this 
increase is not that small, and is spreading widely across a lot of time steps. This increase 
in the crash risk when compared to the base case represents not implementing VSL at this 
time. But, let’s investigate the same cases at a different station, i.e. at station 14 E 0. This 
is shown in Figure 5-94. 
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Figure 5-94: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks similar to Figure 5-93 as there is a trend of an increase in the 
crash risk for case 7 over some time steps when compared to the base case. Also, this 
figure suffers an increase in the crash risk, and is spreading over a wide region of time 
steps.  
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Thus, from Figures 5-93 and 5-94, we can note that increasing only the speed 
limit downstream of the station of interest by 5 mph in the VSL strategy everywhere that 
is used in conjunction with Ramp Metering strategy everywhere did not improve the plot 
of the crash risk vs. time step.  
5.4.2.1.2.4 Increasing Downstream Speed Limit of the Station of Interest 
by 10 mph 
Table 5-95 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-95: Summary for the VSL Strategy 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
7 
+10 mph 
Downstream 5 1 10 
 
Figure 5-95 shows the plot of the average lane-change crash risk vs. time step for 
case 7 and the base case at station 20 E 0. 
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Figure 5-95: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that the trend of the increase in the crash risk for 
case 7 over some time steps when compared to the base case is very much noticed, and 
the magnitude of this increase is not that small, and is spreading widely across a lot of 
time steps. This increase in the crash risk when compared to the base case represents not 
implementing VSL at this time. But, let’s investigate the same cases at a different station, 
i.e. at station 14 E 0. This is shown in Figure 5-96. 
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Figure 5-96: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-95. This is because there is almost no 
increase in the crash risk for case 7 when compared to the base case. We can also note 
that there is a reduction in the crash risk. 
Therefore, increasing only the speed limit downstream of the station of interest by 
10 mph while implementing VSL strategy everywhere in conjunction with implementing 
Ramp Metering strategy everywhere improved the plot of the lane-change crash risk vs. 
time step. This is much more obvious at station 14 E 0 than at station 20 E 0. But, let’s 
investigate the plot of the rear-end crash risk vs. time step. 
Figure 5-97 shows the plot of the average rear-end crash risk vs. time step for 
implementing Ramp Metering everywhere and VSL everywhere (with the trial of 
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increasing only the speed limit downstream of the station of interest by 10 mph) at station 
20 E 0. 
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Figure 5-97: Average Rear-End Crash Risk Profile at Station 20 E 0 
 
This figure has a trend of an increase in the crash risk for case 7 over some time 
steps when compared to the base case. But, as previously indicated, station 20 E 0 lies in 
a very bad location just upstream of the I-4 / Turnpike interchange, where the likelihood 
of having crashes is high. So, let’s look at this plot at a different station, i.e. at station 14 
E 0. This is shown in Figure 5-98. 
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Figure 5-98: Average Rear-End Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-97. This is because there is almost no 
increase in the crash risk for case 7 when compared to the base case. We can also note 
that there is a dominant trend of a reduction in the crash risk. 
Thus, we can note that increasing only the speed limit downstream of the station 
of interest by 10 mph while implementing VSL strategy everywhere in conjunction with 
implementing Ramp Metering strategy everywhere improved the plot of the crash risk vs. 
time step. And, hence, this trial succeeded in reducing the crash risk over time with 
almost very rare increase in the crash risk over time. 
 250
5.4.2.1.2.5 Implementing a Speed Change Time of 20 Minutes and 
Increasing Downstream Speed Limit by 10 mph  
Since two trials succeeded in improving the plot of the crash risk vs. time step, a 
trial to mix these two trials was used. This trial is to implement a speed change time of 20 
minutes in addition to increasing only the speed limit downstream of the station of 
interest by 10 mph for the VSL strategy. This trial was used because better results may be 
expected to happen.  
Table 5-96 shows a summary for the VSL strategy used in this trial. It is to be 
noted that this VSL strategy is used in conjunction with the same preliminary 
experimental design for implementing Ramp Metering everywhere.  
Table 5-96: Summary for the VSL Strategy 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
7 
+10 mph 
Downstream 5 1 20 
 
Figure 5-99 shows the plot of the average lane-change crash risk vs. time step for 
case 7 and the base case at station 20 E 0. 
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Figure 5-99: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that there is a trend of an increase in the crash risk 
for case 7 over some time steps when compared to the base case. The magnitude of this 
increase is not that small, and is spreading widely across a lot of time steps. This increase 
in the crash risk when compared to the base case represents not implementing VSL at this 
time. But, let’s investigate the same cases at a different station, i.e. at station 14 E 0. This 
is shown in Figure 5-100. 
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Figure 5-100: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks a little better than Figure 5-99. However, this figure suffers an 
increase in the crash risk, but it is not spreading over a wide region of time steps.  
Thus, from Figures 5-99 and 5-100, we can note that implementing a speed 
change time of 20 minutes in addition to increasing only the speed limit downstream of 
the station of interest by 10 mph in the VSL strategy everywhere that is used in 
conjunction with Ramp Metering strategy everywhere did not improve the plot of the 
crash risk vs. time step.  
Finally, we can conclude that there are two trials that improved the plot of the 
crash risk vs. time step. The first one is implementing VSL everywhere over the 
simulated network for 20 minutes in conjunction with implementing Ramp Metering 
everywhere, and the second one is increasing only the speed limit downstream of the 
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station of interest by 10 mph while implementing VSL strategy everywhere in 
conjunction with implementing Ramp Metering strategy everywhere. 
And, from the traffic point of view, implementing VSL everywhere over the 
simulated network for 20 minutes looks more beneficial and recommendable than 
increasing only the speed limit downstream of the station of interest by 10 mph while 
implementing VSL strategy everywhere. This is because increasing the speed limit by 10 
mph may exceed the design speed of the freeway as the 10 mph increase is not a small 
value. Also, forcing the drivers to increase their speed limit by 10 mph is not a good idea, 
and this can cause a turbulent flow of vehicles on the freeway. This is attributed to the 
driver’s perception and reaction conception as drivers respond in different ways to this 
increase in the speed limit by 10 mph. Some drivers increase their speed by 10 mph in a 
very short time, and some take long time to do so. And thus, this can cause a turbulent 
flow (unstable flow) of vehicles. 
Thus, the final experimental design at the 90 percent loading for implementing 
Ramp Metering and VSL strategies everywhere that was deemed effective to yield 
favorable results is shown in Tables 5-97 and 5-98. 
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Table 5-97: Best VSL Strategy Scenarios for the Final Experimental Design for the 90 Percent 
Loading for Implementing Ramp Metering Everywhere and VSL Everywhere 
Scenario    
ID 
Speed    Change 
Implementation 
Speed    Zone      
Definition (mph) 
Speed   Change 
Distance 
Speed    Change     
Time (min)  
17 -5 / +5 2.5 0.5 20 
18 -5 / +5 2.5 1 20 
19 -5 / +5 5 0.5 20 
20 -5 / +5 5 1 20 
 
 
Table 5-98: Best Ramp Metering Strategy Scenarios for the Final Experimental Design for the 90 
Percent Loading for Implementing Ramp Metering Everywhere and VSL Everywhere 
Scenario     ID 
Ramp    Metering 
Algorithm 
Cycle    Length     
for ALINEA (sec) 
Critical    
Occupancy 
Cycle   Length    
for Zone (sec) 
17, 18, 19 and 20 
ALINEA Non 
Downtown / Zone 
Downtown  30 0.17 60 
 
5.4.2.2 Implementing Ramp Metering Downtown and VSL Everywhere 
For implementing Ramp Metering strategy downtown in conjunction with VSL 
strategy everywhere, a trial for modifying the cycle length for the Zone algorithm was 
used. It is discussed in the following section.  
5.4.2.2.1 Changing the Cycle Length for the Zone Algorithm 
In the preliminary experimental design, the cycle length that was used for the 
Zone algorithm was 60 seconds. But, as previously indicated, while implementing Ramp 
Metering strategy downtown in conjunction with VSL strategy everywhere, there were 
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unfavorable results. Thus, a trial was used for modifying the cycle length for the Zone 
algorithm, that is reducing the cycle length. A cycle length of 25 seconds was used 
instead of 60 seconds. The results of this trial are discussed in the following section.    
5.4.2.2.1.1 25 Seconds Cycle Length 
Implementing Ramp Metering downtown (with 25 seconds cycle length for the 
Zone algorithm) in conjunction with VSL everywhere for case 9 over the simulated 
network was tested.  
Table 5-99 shows a summary for the Ramp Metering strategy used in this trial. It 
is to be noted that this Ramp Metering strategy is used in conjunction with the same 
preliminary experimental design for implementing VSL everywhere. The VSL strategy is 
shown in Table 5-100. 
Table 5-99: Summary for the Ramp Metering Strategy 
Scenario     ID Ramp    Metering Algorithm 
Cycle   Length         
for Zone (sec) 
9 Zone 25 
 
Table 5-100: Summary for the VSL Strategy 
Scenario     
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change   
Time (min)  
9 -5 / +5 2.5 0.5 10 
 
Figure 5-101 shows the plot of the average lane-change crash risk vs. time step 
for case 9 and the base case at station 20 E 0. 
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Figure 5-101: Average Lane-Change Crash Risk Profile at Station 20 E 0 
  
From this figure, we can note that the trend of the increase in the crash risk for 
case 9 over some time steps when compared to the base case is very much noticed, and 
the magnitude of this increase is not that small, and is spreading widely across a lot of 
time steps. This increase in the crash risk when compared to the base case represents not 
implementing VSL at this time. But, let’s investigate the same cases at a different station, 
i.e. at station 14 E 0. This is shown in Figure 5-102. 
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Figure 5-102: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks much better than Figure 5-101, but is still not that good. This is 
because there are some time steps that suffer an increase in the crash risk, but it is not 
spreading over a wide region of time steps. 
Thus, from Figures 5-101 and 5-102, we can note that implementing Ramp 
Metering downtown (with 25 seconds cycle length for the Zone algorithm) in conjunction 
with VSL everywhere over the simulated network had unfavorable results for the plot of 
the lane-change crash risk vs. time step. 
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6 CHAPTER 6.  FINAL RESULTS  
Sections (6.1), (6.2) and (6.3) show the interpretation of the results from the final 
experimental design performed for combining Ramp Metering and VSL strategies for the 
60, 80 and 90 percent loadings, respectively. 
For the 60 percent loading, as previously indicated, the final experimental design 
is the same as the preliminary experimental design, except for using 10 runs for each test 
case. 
For the 80 percent loading, the final experimental design was previously shown in 
Tables 5-86 and 5-87. 
For the 90 percent loading, the final experimental design was previously shown in 
Tables 5-97 and 5-98. 
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6.1 60 Percent Loading Scenario 
The 8 cases (cases 1 to 8) for implementing Ramp Metering strategy everywhere 
in conjunction with VSL strategy everywhere, and also the 8 cases (cases 9 to 16) for 
implementing Ramp Metering strategy downtown in conjunction with VSL strategy 
everywhere were run at the 60 percent loading. These 16 cases were previously indicated 
in the preliminary experimental design. But here, 10 runs were used in order to obtain 
statistically significant results. 
6.1.1 Ramp Metering Everywhere and VSL Everywhere (Cases 1 to 8) 
6.1.1.1 Rear-End Crash Risk 
Figure 6-1 shows the plot of the average rear-end crash risk over each location for 
the base case as well as cases 1 to 8. 
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Figure 6-1: Average Rear-End Crash Risk vs. Location for Cases 1 to 8 
 
This figure looks very similar to Figure 5-1 in the preliminary experimental 
design. We can note that the affected sections are the same. The highest affected section 
extends over a 7.5-mile stretch from station 28 to station 43. The remaining stations have 
almost no obvious difference. 
Figure 6-2 shows the plot of the average rear-end crash risk from station 28 to 43 
for cases 1 to 8. 
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Figure 6-2: Average Rear-End Crash Risk vs. Location (Stations 28 to 43) for Cases 1 to 8 – 
Magnified 
 
Let’s focus once more on the 1.5-mile stretch extending from station 35 to station 
38. This is shown in Figure 6-3. 
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Figure 6-3: Average Rear-End Crash Risk vs. Location (Stations 35 to 38) for Cases 1 to 8 – 
Magnified 
 
It is to be noted that the whole network is divided into 5 sections that almost have 
the same trend. Again, a student’s t-test is used to test for the significance of difference in 
the crash risk between the base case and the 8 cases. Tables 6-1, 6-2, 6-3, 6-4 and 6-5 
summarize the t-test, along with the Overall Rear-End Risk Change Index (ORERCI) for 
all the 5 sections. Table 6-6 summarizes the t-test for stations 35 to 38. 
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Table 6-1: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 4 to 15 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 4 to 15) 
-0.642 -0.658 -0.660 -0.662 -0.661 -0.660 -0.660 -0.663 -0.658 
Crash Risk Benefit --- 0.016 0.018 0.020 0.019 0.018 0.018 0.021 0.016 
T-Statistic 
(Significance of 
Change) 
--- 0.231 0.260 0.290 0.268 0.255 0.252 0.300 0.235 
                    
ORERCI --- 0.389 0.438 0.487 0.452 0.429 0.424 0.505 0.395 
 
 
Table 6-2: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 16 to 19 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 16 to 19) 
-0.616 -0.651 -0.668 -0.645 -0.647 -0.650 -0.649 -0.656 -0.639 
Crash Risk Benefit --- 0.035 0.052 0.029 0.031 0.034 0.034 0.040 0.023 
T-Statistic 
(Significance of 
Change) 
--- 0.274 0.407 0.226 0.248 0.266 0.265 0.318 0.184 
                    
ORERCI --- 0.279 0.419 0.230 0.252 0.270 0.269 0.323 0.186 
 
Table 6-3: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 20 to 27 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 20 to 27) 
-0.314 -0.336 -0.340 -0.333 -0.336 -0.341 -0.337 -0.341 -0.327 
Crash Risk Benefit --- 0.022 0.026 0.019 0.022 0.027 0.023 0.027 0.013 
T-Statistic 
(Significance of 
Change) 
--- 0.263 0.315 0.236 0.271 0.328 0.283 0.328 0.154 
                    
ORERCI --- 0.346 0.413 0.309 0.355 0.427 0.369 0.430 0.202 
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Table 6-4: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 28 to 43 
Test Case ID 
Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8   
Average Crash Risk 
(Stations 28 to 43) 
0.880 0.830 0.828 0.832 0.827 0.809 0.815 0.826 0.812 
--- 0.050 0.052 0.048 0.054 0.071 0.065 0.055 Crash Risk Benefit 0.068 
T-Statistic 
(Significance of 
Change) 
--- 0.182 0.189 0.173 0.195 0.260 0.238 0.197 0.249 
                    
ORERCI --- 1.510 1.564 1.442 1.609 2.144 1.964 1.635 2.048 
 
 
Table 6-5: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 44 to 67 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 44 to 67) 
-0.008 -0.009 -0.013 -0.011 -0.013 -0.012 -0.009 -0.012 -0.012 
Crash Risk Benefit --- 0.001 0.005 0.003 0.005 0.005 0.001 0.005 0.004 
T-Statistic 
(Significance of 
Change) 
--- 0.006 0.026 0.016 0.028 0.024 0.007 0.025 0.023 
                    
ORERCI --- 0.056 0.241 0.153 0.260 0.221 0.061 0.232 0.211 
 
 
Table 6-6: Summary of the Difference in Rear-End Crash Risk for Cases 1 to 8 at Stations 35 to 38 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 35 to 38) 
1.433 1.352 1.347 1.359 1.345 1.315 1.330 1.345 1.310 
Crash Risk Benefit --- 0.081 0.086 0.074 0.088 0.117 0.103 0.088 0.123 
T-Statistic 
(Significance of 
Change) 
--- 0.286 0.303 0.260 0.308 0.416 0.365 0.310 0.433 
                    
ORERCI --- 0.650 0.686 0.594 0.701 0.940 0.824 0.705 0.980 
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From these six tables, we can see that there is no t-statistic greater than the t-
critical (1.645). Thus, there is no significant difference in the average rear-end crash risk  
between the base case and cases 1 to 8. Therefore, in terms of the average rear-end crash 
risk; cases 1 to 8 do not have any significant effect on the network. But, we still need to 
see the overall cumulative ORERCI for the 8 cases over the entire network. Table 6-7 
summarizes the cumulative ORERCI for the 8 cases over the entire network. 
Table 6-7: Cumulative ORERCI for cases 1 to 8 over the Entire Network 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Cumulative ORERCI --- 2.580 3.074 2.621 2.928 3.490 3.087 3.125 3.042
 
From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative ORERCI. Thus, the implementation of Ramp 
Metering and VSL everywhere did good job in reducing the average rear-end crash risk, 
although shown to be statistically nonsignificant. 
6.1.1.2 Lane-Change Crash Risk 
Figure 6-4 shows the plot of the average lane-change crash risk over each location 
for the base case as well as cases 1 to 8. 
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Figure 6-4: Average Lane-Change Crash Risk vs. Location for Cases 1 to 8 
  
This figure looks very similar to Figure 5-4 in the preliminary experimental 
design. We can note that the affected sections are the same. There are two positively 
affected sections by these cases throughout the whole network. The first section extends 
over an 8.5-mile stretch from station 14 to station 31. It is to be noted that this section 
does not have that many on-ramps and off-ramps. So, there is a low rear-end and lane-
change crash risk at this section. Moreover, eight lanes are extended over a larger part of 
this section. The second section extends over a 5-mile stretch from station 34 to station 
44. The remaining stations have almost no obvious difference.  
Figures 6-5 and 6-6 show the plot of the average lane-change crash risk from 
station 14 to 31 and from station 34 to 44 respectively for cases 1 to 8. 
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Figure 6-5: Average Lane-Change Crash Risk vs. Location (Stations 14 to 31) for Cases 1 to 8 – 
Magnified 
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Figure 6-6: Average Lane-Change Crash Risk vs. Location (Stations 34 to 44) for Cases 1 to 8 – 
Magnified 
 
It is to be noted that the whole network is divided into 5 sections that almost have 
the same trend. Tables 6-8, 6-9, 6-10, 6-11 and 6-12 summarize the t-test, along with the 
Overall Lane-Change Risk Change Index (OLCRCI) for all the 5 sections.  
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Table 6-8: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 4 to 13 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 4 to 13) 
-1.764 -1.723 -1.728 -1.719 -1.715 -1.732 -1.733 -1.726 -1.730 
Crash Risk Benefit --- -0.041 -0.037 -0.045 -0.049 -0.032 -0.032 -0.038 -0.034 
T-Statistic 
(Significance of 
Change) 
--- 0.561 0.504 0.620 0.663 0.449 0.438 0.536 0.477 
                    
OLCRCI --- -0.823 -0.733 -0.906 -0.977 -0.650 -0.631 -0.770 -0.684 
 
 
Table 6-9: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 14 to 
31 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 14 to 31) 
0.207 -0.012 -0.025 -0.013 -0.015 -0.019 -0.008 -0.023 0.003 
Crash Risk Benefit --- 0.219 0.232 0.220 0.222 0.225 0.215 0.230 0.203 
T-Statistic 
(Significance of 
Change) 
--- 3.579 3.735 3.608 3.609 3.672 3.485 3.719 3.337 
                    
OLCRCI --- 7.886 8.352 7.921 7.979 8.115 7.733 8.265 7.320 
 
Table 6-10: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 32 to 
33 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 32 to 33) 
0.863 0.791 0.816 0.789 0.807 0.788 0.791 0.795 0.797 
Crash Risk Benefit --- 0.072 0.048 0.074 0.056 0.076 0.073 0.069 0.066 
T-Statistic 
(Significance of 
Change) 
--- 0.249 0.166 0.256 0.196 0.264 0.257 0.239 0.233 
                    
OLCRCI --- 0.288 0.190 0.298 0.224 0.303 0.291 0.275 0.264 
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Table 6-11: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 34 to 
44 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 34 to 44) 
0.961 0.928 0.934 0.935 0.926 0.921 0.918 0.932 0.916 
Crash Risk Benefit --- 0.033 0.026 0.026 0.035 0.039 0.043 0.029 0.044 
T-Statistic 
(Significance of 
Change) 
--- 1.465 1.209 1.194 1.533 1.720 1.967 1.292 1.969 
                    
OLCRCI --- 0.658 0.529 0.524 0.694 0.787 0.863 0.575 0.889 
 
Table 6-12: Summary of the Difference in Lane-Change Crash Risk for Cases 1 to 8 at Stations 45 to 
67 
Test Case ID 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Average Crash Risk 
(Stations 45 to 67) 
0.138 0.131 0.131 0.131 0.130 0.136 0.137 0.132 0.139 
Crash Risk Benefit --- 0.007 0.006 0.007 0.008 0.002 0.001 0.006 -0.001 
T-Statistic 
(Significance of 
Change) 
--- 0.041 0.039 0.039 0.049 0.009 0.008 0.038 0.005 
                    
OLCRCI --- 0.316 0.298 0.299 0.375 0.073 0.058 0.294 -0.041 
 
From Table 6-9, it is obvious that all the 8 cases have a t-statistic greater than the 
t-critical (1.645). Thus, the resulting decrease in the lane-change crash risk for all the 8 
cases is considered statistically significant. From Table 6-11, we can note that not all the 
8 cases are statistically significant. The statistically significant cases are cases 5, 6 and 8 
(having a t-statistic greater than 1.645).  
Adding the OLCRCI values for the stations that show a decrease in the lane-
change crash risk, i.e. for Tables 6-9 and 6-11, we can obtain a cumulative OLCRCI 
value. This is shown in Table 6-13. 
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Table 6-13: Cumulative OLCRCI for Cases 1 to 8 from Adding OLCRCI Values from Tables 5-109 
and 5-111 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Cumulative OLCRCI --- 8.544 8.881 8.445 8.673 8.902 8.596 8.839 8.209
 
Therefore, cases 5 and 2 are considered the 2 best cases respectively in reducing 
the average lane-change crash risk when implementing Ramp Metering everywhere and 
VSL everywhere. We can note that case 2 was not significant in decreasing the average 
lane-change crash risk from Table 6-11, but when adding the OLCRCI values from 
Tables 6-9 and 6-11, the cumulative OLCRCI value is relatively higher than other cases. 
Case 5 was significant in both tables. 
The cumulative OLCRCI over the entire network is shown in Table 6-14. 
Table 6-14: Cumulative OLCRCI for cases 1 to 8 over the Entire Network 
  Base 
Case 
1 
Case 
2 
Case 
3 
Case 
4 
Case 
5 
Case 
6 
Case 
7 
Case 
8 
Cumulative OLCRCI --- 8.325 8.636 8.136 8.295 8.628 8.314 8.639 7.748
 
From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative OLCRCI. Thus, the implementation of Ramp 
Metering and VSL everywhere did good job in reducing the average lane-change crash 
risk, and the best 2 cases are cases 5 and 2 respectively. 
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
case 2 and case 5 are plotted in Figure 6-7. 
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Figure 6-7:Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that there is a variation in the crash risk vs. time 
step for both cases. However, both cases (2 and 5) succeeded in keeping the lane-change 
crash risk lower than the base case in almost all the time steps. But, we can conclude that 
case 2 is much better than case 5, where there is a reduction in the crash risk (when 
compared to the base case) for almost all the time steps. 
Also, the average lane-change crash risk profiles at station 14 E 0 for the base 
case, case 2 and case 5 are plotted in Figure 6-8. 
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Figure 6-8: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks similar to Figure 6-7, where there is also variation in the crash 
risk vs. time step for both cases. However, both cases succeeded in keeping the lane-
change crash risk lower than the base case in almost all the time steps. Here also, case 2 
looks much better than case 5. 
6.1.1.3 Travel Time Analysis 
The 2 best cases (2 and 5) are also compared to the base case in terms of the travel 
time. It is to be noted that 10 replications for these 2 cases and the base case were 
performed, and the total network travel time was taken from each replication.    
A t-test was performed for both cases to compare their travel times with the base 
travel times. A summary of this test is shown in Table 6-15.   
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Table 6-15: Travel Time Analysis for Cases 2 and 5 
  Base Case 2 Case 5 
Average Travel Time 
(Vehicle-hours) 
11633.53 11585.25 11608.57 
Percent Decrease   0.42 0.22 
t-statistic   2.80 0.78 
t-critical   1.83 1.83 
 
From this table, we can note that both cases decrease the travel time. But, case 2 
is statistically significant, while case 5 is not. This result confirms the results from 
Figures 6-7 and 6-8. Thus, case 2 is deemed the best case out of the 8 cases that 
significantly reduces the crash risk (the lane-change crash risk) in some areas across the 
network as well as decreases the total travel time, which is very good result. Moreover, 
there is a reduction in the rear-end crash risk in some areas across the network, but 
without being statistically significant.  
Thus, the implementation of Ramp Metering everywhere and VSL everywhere at 
the 60 percent loading scenario had safety benefit in some areas across the network as 
well as significant reduction in the total travel time. 
Comparing these results with Cunningham (2007) who only used the VSL 
strategy for the same network, we can note that his best case was different than the best 
case concluded here. The best case of Cunningham (2007) at the 60 percent loading is 
shown in Table 6-16. 
Table 6-16: Summary for the Best VSL Strategy at the 60 Percent Loading from Cunningham (2007) 
Speed    Change 
Implementation 
Speed    Zone          
Definition (mph) 
Speed   Change 
Distance 
Speed    Change      
Time (min)  
 -5/+5 5 1 10 
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For the rear-end crash risk, Cunningham (2007) concluded that the positively 
affected section extends over an 8-mile stretch from station 33 to station 49. This is 
almost the same as what is observed in this study, where the positively affected section 
extends over a 7.5-mile stretch from station 28 to station 43. So, the length of the 
positively affected section is almost the same. His ORERCI value for the best case at the 
positively affected section was 12.44, which is higher than the ORERCI values observed 
in this study. Moreover, this value was statistically significant, while in this study, no 
ORERCI value was statistically significant. 
For the lane-change crash risk, Cunningham (2007) concluded that the positively 
affected section extends over a 19-mile stretch from station 15 to station 53. This length 
is much higher than the length observed in this study, where the positively affected 
sections extend over an 8.5-mile stretch from station 14 to station 31 and over a 5-mile 
stretch from station 34 to station 44. His OLCRCI value for the best case at the positively 
affected section was 15.41, which is higher than the OLCRCI value for the best case 
(case 2) observed in this study.  
For the total travel time, his best case decreased the total travel time by 0.786 %, 
and this decrease was statistically significant. This value is much higher than the percent 
decrease observed in this study for the best case, which was 0.42 %. 
Therefore, we can conclude that implementing the VSL strategy only at the 60 
percent loading is the best effective solution to reduce both crash risks (rear-end and lane-
change) as well as to decrease the total travel time.  
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Hence, we can say that implementing the VSL strategy only at the 60 percent 
loading yields better results and is more effective than implementing Ramp Metering 
strategy in conjunction with VSL strategy everywhere over the simulated network. 
6.1.2 Ramp Metering Downtown and VSL Everywhere (Cases 9 to 16) 
6.1.2.1 Rear-End Crash Risk 
Figure 6-9 shows the plot of the average rear-end crash risk over each location for 
the base case as well as cases 9 to 16. 
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Figure 6-9: Average Rear-End Crash Risk vs. Location for Cases 9 to 16 
 
This figure looks very similar to Figure 5-8 in the preliminary experimental 
design. We can note that the affected sections are the same. The highest affected section 
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extends over a 7.5-mile stretch from station 28 to station 43. The remaining stations have 
almost no obvious difference. 
Figure 6-10 shows the plot of the average rear-end crash risk from station 28 to 43 
for cases 9 to 16. 
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Figure 6-10: Average Rear-End Crash Risk vs. Location (Stations 28 to 43) for Cases 9 to 16 – 
Magnified 
 
It is to be noted that the whole network is divided into 4 sections that almost have 
the same trend. Again, a student’s t-test is used to test for the significance of difference in 
the crash risk between the base case and the 8 cases. Tables 6-17, 6-18, 6-19 and 6-20 
summarize the t-test, along with the Overall Rear-End Risk Change Index (ORERCI) for 
all the 4 sections.  
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Table 6-17: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 4 to 12 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 4 to 12) 
-0.617 -0.617 -0.616 -0.614 -0.615 -0.616 -0.614 -0.616 -0.615 
Crash Risk Benefit --- 0.000 -0.001 -0.003 -0.002 0.000 -0.003 0.000 -0.002 
T-Statistic 
(Significance of 
Change) 
--- 0.003 0.012 0.031 0.027 0.004 0.036 0.005 0.026 
                    
ORERCI --- -0.004 -0.019 -0.048 -0.042 -0.007 -0.056 -0.008 -0.041 
 
 
Table 6-18: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 13 to 27 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 13 to 27) 
-0.475 -0.521 -0.507 -0.507 -0.506 -0.517 -0.518 -0.519 -0.517 
Crash Risk Benefit --- 0.046 0.032 0.031 0.031 0.041 0.043 0.044 0.042 
T-Statistic 
(Significance of 
Change) 
--- 0.626 0.428 0.426 0.421 0.562 0.581 0.601 0.566 
                    
ORERCI --- 1.379 0.952 0.942 0.936 1.244 1.279 1.329 1.251 
 
 
Table 6-19: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 28 to 43 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 28 to 43) 
0.880 0.820 0.832 0.818 0.826 0.829 0.823 0.839 0.835 
Crash Risk Benefit --- 0.060 0.048 0.062 0.055 0.052 0.057 0.042 0.046 
T-Statistic 
(Significance of 
Change) 
--- 0.218 0.173 0.224 0.198 0.187 0.206 0.150 0.164 
                    
ORERCI --- 1.814 1.434 1.857 1.637 1.550 1.707 1.248 1.370 
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Table 6-20: Summary of the Difference in Rear-End Crash Risk for Cases 9 to 16 at Stations 44 to 67 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 44 to 67) 
-0.008 -0.008 -0.005 -0.008 -0.006 -0.009 -0.009 -0.012 -0.003 
Crash Risk Benefit --- 0.000 -0.003 0.000 -0.002 0.001 0.002 0.005 -0.004 
T-Statistic 
(Significance of 
Change) 
--- 0.001 0.013 0.000 0.008 0.006 0.009 0.025 0.023 
                    
ORERCI --- 0.013 -0.123 0.000 -0.075 0.057 0.083 0.229 -0.212 
 
From these four tables, we can see that there is no t-statistic greater than the t-
critical (1.645). Thus, there is no significant difference in the average rear-end crash risk  
between the base case and cases 9 to 16. Therefore, in terms of the average rear-end crash 
risk; cases 9 to 16 do not have any significant effect on the network. But, we still need to 
see the overall cumulative ORERCI for the 8 cases over the entire network.  
Table 6-21 summarizes the cumulative ORERCI for the 8 cases over the entire 
network. 
Table 6-21: Cumulative ORERCI for cases 9 to 16 over the Entire Network 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Cumulative ORERCI --- 3.201 2.244 2.752 2.455 2.844 3.012 2.798 2.369
 
From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative ORERCI. Thus, the implementation of Ramp 
Metering downtown and VSL everywhere did good job in reducing the average rear-end 
crash risk, although shown to be statistically nonsignificant. 
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6.1.2.2 Lane-Change Crash Risk 
Figure 6-11 shows the plot of the average lane-change crash risk over each 
location for the base case as well as cases 9 to 16. 
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Figure 6-11: Average Lane-Change Crash Risk vs. Location for Cases 9 to 16 
 
This figure looks very similar to Figure 5-10 in the preliminary experimental 
design. We can note that the affected sections are the same. There are two positively 
affected sections by these cases throughout the whole network. The first section extends 
over an 8.5-mile stretch from station 14 to station 31. The second section extends over a 
5-mile stretch from station 34 to station 44. The remaining stations have almost no 
obvious difference.  
Figures 6-12 and 6-13 show the plot of the average lane-change crash risk from 
station 14 to 31 and from station 34 to 44 respectively for cases 9 to 16. 
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Figure 6-12: Average Lane-Change Crash Risk vs. Location (Stations 14 to 31) for Cases 9 to 16 – 
Magnified 
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Cases 9 to 16
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Figure 6-13: Average Lane-Change Crash Risk vs. Location (Stations 34 to 44) for Cases 9 to 16 – 
Magnified 
 
It is to be noted that the whole network is divided into 5 sections that almost have 
the same trend. Tables 6-22, 6-23, 6-24, 6-25 and 6-26 summarize the t-test, along with 
the Overall Lane-Change Risk Change Index (OLCRCI) for all the 5 sections.  
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Table 6-22: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 4 to 
13 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 4 to 13) 
-1.764 -1.724 -1.717 -1.720 -1.726 -1.721 -1.730 -1.714 -1.718 
Crash Risk Benefit --- -0.040 -0.048 -0.044 -0.038 -0.043 -0.034 -0.051 -0.046 
T-Statistic 
(Significance of 
Change) 
--- 0.546 0.650 0.596 0.524 0.589 0.474 0.693 0.638 
                    
OLCRCI --- -0.801 -0.954 -0.882 -0.764 -0.858 -0.690 -1.013 -0.922 
 
 
 
Table 6-23: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 14 
to 31 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 14 to 31) 
0.207 -0.036 0.004 0.002 -0.001 -0.027 -0.030 -0.021 -0.021 
Crash Risk Benefit --- 0.243 0.203 0.205 0.208 0.234 0.237 0.228 0.228 
T-Statistic 
(Significance of 
Change) 
--- 3.992 3.333 3.374 3.396 3.803 3.919 3.730 3.747 
                    
OLCRCI --- 8.753 7.292 7.377 7.497 8.424 8.518 8.219 8.209 
 
 
Table 6-24: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 32 
to 33 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 32 to 33) 
0.863 0.788 0.812 0.791 0.785 0.781 0.786 0.788 0.789 
Crash Risk Benefit --- 0.076 0.051 0.073 0.078 0.082 0.078 0.076 0.075 
T-Statistic 
(Significance of 
Change) 
--- 0.266 0.179 0.253 0.276 0.284 0.271 0.262 0.261 
                    
OLCRCI --- 0.304 0.205 0.291 0.313 0.328 0.310 0.302 0.299 
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Table 6-25: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 34 
to 44 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 34 to 44) 
0.961 0.930 0.931 0.924 0.921 0.936 0.934 0.936 0.933 
Crash Risk Benefit --- 0.031 0.030 0.037 0.040 0.025 0.027 0.024 0.028 
T-Statistic 
(Significance of 
Change) 
--- 1.362 1.346 1.640 1.763 1.121 1.220 1.117 1.237 
                    
OLCRCI --- 0.615 0.596 0.735 0.792 0.497 0.534 0.490 0.553 
 
 
Table 6-26: Summary of the Difference in Lane-Change Crash Risk for Cases 9 to 16 at Stations 45 
to 67 
Test Case ID 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Average Crash Risk 
(Stations 45 to 67) 
0.138 0.138 0.136 0.140 0.134 0.136 0.130 0.139 0.144 
Crash Risk Benefit --- -0.001 0.002 -0.002 0.004 0.002 0.008 -0.001 -0.007 
T-Statistic 
(Significance of 
Change) 
--- 0.003 0.011 0.011 0.021 0.014 0.048 0.009 0.039 
                    
OLCRCI --- -0.023 0.082 -0.083 0.164 0.108 0.368 -0.069 -0.300 
 
From Table 6-23, it is obvious that all the 8 cases have a t-statistic greater than the 
t-critical (1.645). Thus, the resulting decrease in the lane-change crash risk for all the 8 
cases is considered statistically significant. From Table 6-25, we can note that case 12 is 
the only statistically significant case (having a t-statistic greater than 1.645).  
Adding the OLCRCI values for the stations that show a decrease in the lane-
change crash risk, i.e. for Tables 6-23 and 6-25, we can obtain a cumulative OLCRCI 
value. This is shown in Table 6-27. 
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Table 6-27: Cumulative OLCRCI for Cases 9 to 16 from Adding OLCRCI Values from Tables 5-123 
and 5-125 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Cumulative OLCRCI --- 9.368 7.888 8.112 8.288 8.922 9.053 8.709 8.762
 
 
Therefore, cases 9 and 14 are considered the 2 best cases respectively in reducing 
the average lane-change crash risk when implementing Ramp Metering downtown and 
VSL everywhere. We can note that both cases were not significant in decreasing the 
average lane-change crash risk from Table 6-25, but when adding the OLCRCI values 
from Tables 6-23 and 6-25, the cumulative OLCRCI value is relatively higher than other 
cases.  
The cumulative OLCRCI over the entire network is shown in Table 6-28. 
Table 6-28: Cumulative OLCRCI for cases 9 to 16 over the Entire Network 
  Base 
Case 
9 
Case 
10 
Case 
11 
Case 
12 
Case 
13 
Case 
14 
Case 
15 
Case 
16 
Cumulative OLCRCI --- 8.847 7.221 7.438 8.002 8.500 9.042 7.930 7.839
 
 
From this table, it is obvious that all the 8 cases are beneficial to the network. All 
these 8 cases have positive cumulative OLCRCI. Thus, the implementation of Ramp 
Metering downtown and VSL everywhere did good job in reducing the average lane-
change crash risk, and the best 2 cases are cases 9 and 14 respectively. 
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
case 9 and case 14 are plotted in Figure 6-14. 
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Figure 6-14: Average Lane-Change Crash Risk Profile at Station 20 E 0 
 
From this figure, we can note that there is a variation in the crash risk vs. time 
step for both cases. However, both cases (9 and 14) succeeded in keeping the lane-change 
crash risk lower than the base case in almost all the time steps. But, we can conclude that 
case 9 is a little better than case 14, where there is a reduction in the crash risk (when 
compared to the base case) for almost all the time steps. 
Also, the average lane-change crash risk profiles at station 14 E 0 for the base 
case, case 9 and case 14 are plotted in Figure 6-15. 
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Figure 6-15: Average Lane-Change Crash Risk Profile at Station 14 E 0 
 
This figure looks similar to Figure 6-14, where there is also variation in the crash 
risk vs. time step for both cases. However, both cases succeeded in keeping the lane-
change crash risk lower than the base case in almost all the time steps. Here also, case 9 
looks a little better than case 14. 
6.1.2.3 Travel Time Analysis 
The 2 best cases (9 and 14) are also compared to the base case in terms of the 
travel time. It is to be noted that 10 replications for these 2 cases and the base case were 
performed, and the total network travel time was taken from each replication.    
A t-test was performed for both cases to compare their travel times with the base 
travel times. A summary of this test is shown in Table 6-29. 
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Table 6-29: Travel Time Analysis for Cases 9 and 14 
  Base Case 9 Case 14 
Average Travel Time 
(Vehicle-hours) 
11633.53 11586.15 11580.14 
Percent Decrease   0.41 0.46 
t-statistic   1.74 2.02 
t-critical   1.83 1.83 
 
From this table, we can note that both cases decrease the travel time. But, case 14 
is statistically significant, while case 9 is not. But, in spite of that case 14 significantly 
decreases the total travel time, the best case is case 9. This is because case 9 is better than 
case 14 in the plot of the average lane-change crash risk vs. time step. This was noted in 
Figures 6-114 and 6-115, where case 9 kept the lane-change crash risk lower than the 
base case for more time steps. Also, being statistically nonsignificant in reducing the total 
travel time can not hinder case 9 from being selected for the best case. This is because 
case 9 increased safety benefits and had a good lane-change crash risk profile vs. time 
step. Moreover, it reduced the total travel time, and being statistically nonsignificant is 
not that important.  
Thus, case 9 is deemed the best case out of the 8 cases that significantly reduces 
the crash risk (the lane-change crash risk) in some areas across the network. Moreover, 
there is a reduction in the rear-end crash risk in some areas across the network, but 
without being statistically significant.  
Thus, the implementation of Ramp Metering downtown and VSL everywhere at 
the 60 percent loading scenario had safety benefit in some areas across the network as 
well as reduction in the total travel time. 
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Comparing these results with Cunningham (2007) for the three measures of 
effectiveness, we can note that the results of this comparison is the same as that for the 
case of implementing Ramp Metering everywhere and VSL everywhere. This was 
previously discussed in the analysis of results for implementing Ramp Metering 
everywhere and VSL everywhere. The only difference is that the best case (case 9) 
decreased the total travel time by 0.41 %, but this decrease is not deemed significant, 
while Cunningham’s (2007) best case decreased the total travel time by 0.786 %, and this 
decrease was statistically significant.  
Hence, once more, we can say that implementing the VSL strategy only at the 60 
percent loading yields better results and is more effective than implementing Ramp 
Metering strategy downtown in conjunction with VSL strategy everywhere over the 
simulated network. 
And, as a general conclusion for the 60 percent loading, the best effective strategy  
to reduce both crash risks (rear-end and lane-change) as well as to decrease the total 
travel time is to implement the VSL strategy only. 
Referring to Gayah (2006), he concluded that Ramp Metering in the non-
congested flow conditions (e.g. at the 60 percent loading scenario) did not have 
significant effect in reducing crash risk. But, it is noted from the analysis of 
implementing Ramp Metering strategy in conjunction with VSL strategy everywhere, and 
also from implementing Ramp Metering strategy downtown in conjunction with VSL 
strategy everywhere that when the Ramp Metering strategy is implemented in 
conjunction with the VSL strategy at the 60 percent loading, both strategies can yield 
good results. 
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6.2 80 Percent Loading Scenario 
The 4 different cases (17, 18, 19 and 20) previously shown in Tables 5-86 and 5-
87 were run at the 80 percent loading. It is to be noted that 10 runs were used for each of 
these 4 cases. These cases were run to test whether or not implementing VSL strategy 
everywhere for 30 minutes in conjunction with implementing Ramp Metering 
everywhere could help reduce the crash risk (both rear-end and lane-change crash risks) 
during a typical peak period on Interstate-4. Also, these cases were run to test whether or 
not implementing VSL strategy everywhere for 30 minutes in conjunction with 
implementing Ramp Metering downtown could help reduce the crash risk (both rear-end 
and lane-change crash risks) during a typical peak period on Interstate-4. 
6.2.1 Ramp Metering Everywhere and VSL Everywhere  
6.2.1.1 Rear-End Crash Risk 
Figure 6-16 shows the plot of the average rear-end crash risk over each location 
for the base case as well as cases 17 to 20. 
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Figure 6-16: Average Rear-End Crash Risk vs. Location for Cases 17 to 20 
 
As shown in the figure, there is hardly any noticeable difference between the base 
case and the 4 cases. In fact, there is one positively affected sections by these cases 
throughout the whole network. This section extends over a 5-mile stretch from station 36 
to station 46. The remaining stations have almost no obvious difference or are negatively 
affected. 
Figure 6-17 shows the plot of the average rear-end crash risk from station 36 to 46 
for cases 17 to 20. 
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Figure 6-17: Average Rear-End Crash Risk vs. Location (Stations 36 to 46) for Cases 17 to 20 – 
Magnified 
 
As shown in the two figures, there is a sort of decrease in the average rear-end 
crash risk compared to the base case. But, we still need to assess this statistically. So, it is 
desirable to know if the decrease in the average crash risk is statistically significant or 
not. As previously indicated in the preliminary experimental design, in order to answer 
this question, a student’s t-test is performed for each of the 4 cases and the base case.  
The average crash risks for each case over stations 36 to 46 are compared to the 
average crash risks over the same stations for the base case. Table 6-30 summarizes the t-
test, along with the Overall Rear-End Risk Change Index (ORERCI). 
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Table 6-30: Summary of the Difference in Rear-End Crash Risk for Cases 17 to 20 at Stations 36 to 
46 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 36 to 46) 
1.395 1.366 1.374 1.364 1.358 
Crash Risk Benefit --- 0.029 0.021 0.031 0.037 
T-Statistic 
(Significance of 
Change) 
--- 0.146 0.105 0.153 0.186 
            
ORERCI --- 0.584 0.413 0.610 0.744 
 
From this table, we can note that the four cases have positive ORERCI values. 
These positive ORERCI values indicate that these four cases have a lower average rear-
end crash risk than the base case. We can also note that there is no significant decrease in 
the average rear-end crash risk as there is no t-statistic equal to or greater than the t-
critical (1.645). 
To test whether there is a significant difference in the average rear-end crash risk 
for the remaining stations between the base case and cases 17 to 20, another t-test is 
performed. Tables 6-31, 6-32, 6-33 and 6-34 summarize the t-test, along with the 
ORERCI values. 
Table 6-31: Summary of the Difference in Rear-End Crash Risk for Cases 17 to 20 at Stations 4 to 15 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 4 to 15) 
-0.688 -0.704 -0.702 -0.702 -0.702 
Crash Risk Benefit --- 0.016 0.015 0.015 0.015 
T-Statistic 
(Significance of 
Change) 
--- 0.295 0.258 0.262 0.262 
            
ORERCI --- 0.396 0.349 0.354 0.354 
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Table 6-32: Summary of the Difference in Rear-End Crash Risk for Cases 17 to 20 at Stations 16 to 
19 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 16 to 19) 
-0.613 -0.646 -0.649 -0.647 -0.649 
Crash Risk Benefit --- 0.033 0.036 0.033 0.036 
T-Statistic 
(Significance of 
Change) 
--- 0.304 0.328 0.309 0.332 
            
ORERCI --- 0.262 0.285 0.267 0.287 
 
Table 6-33: Summary of the Difference in Rear-End Crash Risk for Cases 17 to 20 at Stations 20 to 
35 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 20 to 35) 
-0.003 -0.013 -0.013 -0.016 -0.020 
Crash Risk Benefit --- 0.010 0.010 0.013 0.017 
T-Statistic 
(Significance of 
Change) 
--- 0.051 0.053 0.069 0.088 
            
ORERCI --- 0.319 0.329 0.426 0.550 
 
Table 6-34: Summary of the Difference in Rear-End Crash Risk for Cases 17 to 20 at Stations 47 to 
67 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 47 to 67) 
-0.136 -0.141 -0.137 -0.140 -0.141 
Crash Risk Benefit --- 0.005 0.001 0.004 0.005 
T-Statistic 
(Significance of 
Change) 
--- 0.026 0.007 0.019 0.024 
            
ORERCI --- 0.208 0.057 0.154 0.196 
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From these tables, we can see that there is no t-statistic greater than the t-critical 
(1.645). Thus, there is no significant difference (no significant increase or decrease) in 
the average rear-end crash risk for the remaining stations between the base case and cases 
17 to 20.  
Therefore, in terms of the average rear-end crash risk; cases 17 to 20 do not have 
any significant effect on the network. But, we still need to see the cumulative ORERCI 
for the 4 cases over the entire network. Table 6-35 summarizes the cumulative ORERCI 
for the 4 cases over the entire network. 
Table 6-35: Cumulative ORERCI for Cases 17 to 20 over the Entire Network 
  Base Case 17 Case 18 Case 19 Case 20 
Cumulative ORERCI --- 1.769 1.433 1.811 2.132 
 
Based on this table, it is obvious that all the 4 cases are beneficial to the network. 
This is clear in the positive cumulative ORERCI values. Thus, the implementation of 
Ramp Metering and VSL everywhere did acceptable job in reducing the average rear-end 
crash risk, although shown to be statistically nonsignificant. 
6.2.1.2 Lane-Change Crash Risk 
Figure 6-18 shows the plot of the average lane-change crash risk over each 
location for the base case as well as cases 17 to 20. 
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Figure 6-18: Average Lane-Change Crash Risk vs. Location for Cases 17 to 20 
 
As shown in the figure, there is hardly any noticeable difference between the base 
case and the 4 cases. In fact, there are two positively affected sections by these cases 
throughout the whole network. The first section extends over an 8.5-mile stretch from 
station 14 to station 31. The second section extends over a 4-mile stretch from station 34 
to station 42. The remaining stations have almost no obvious difference or are negatively 
affected. The highest negatively affected section extends over a 4.5-mile stretch from 
station 4 to 13. 
Figures 6-19 and 6-20 show the plot of the average lane-change crash risk for 
cases 17 to 20 from station 14 to 31 and from station 34 to 42 respectively. 
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Figure 6-19: Average Lane-Change Crash Risk vs. Location (Stations 14 to 31) for Cases 17 to 20 – 
Magnified 
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Figure 6-20: Average Lane-Change Crash Risk vs. Location (Stations 34 to 42) for Cases 17 to 20 – 
Magnified 
 
As shown in the two figures, there is a sort of decrease in the average lane-change 
crash risk compared to the base case. However, we still need to assess this statistically. 
This is done using a student’s t-test for each of the 4 cases and the base case.  
The average crash risk for each case over stations 14 to 31 and also over stations 
34 to 42 is compared to the average crash risk over the same stations for the base case. 
Tables 6-36 and 6-37 summarize the t-test, along with the Overall Lane-Change Risk 
Change Index (OLCRCI). 
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Table 6-36: Summary of the Difference in Lane-Change Crash Risk for Cases 17 to 20 at Stations 14 
to 31 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 14 to 31) 
0.162 0.027 0.015 0.016 0.009 
Crash Risk Benefit --- 0.135 0.147 0.145 0.153 
T-Statistic 
(Significance of 
Change) 
--- 2.561 2.783 2.726 2.886 
            
OLCRCI --- 4.866 5.298 5.232 5.499 
 
Table 6-37: Summary of the Difference in Lane-Change Crash Risk for Cases 17 to 20 at Stations 34 
to 42 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 34 to 42) 
1.029 0.980 0.991 0.981 0.986 
Crash Risk Benefit --- 0.049 0.038 0.048 0.043 
T-Statistic 
(Significance of 
Change) 
--- 1.756 1.225 1.596 1.469 
            
OLCRCI --- 0.789 0.604 0.768 0.687 
 
From Table 6-36, we can note that the OLCRCI values for the 4 cases are  
positive, which means that there is a decrease in the lane-change crash risk for these 4 
cases when compared to the base case. Moreover, this decrease is statistically significant 
for the 4 cases, which is good. 
From Table 6-37, we can also note that the OLCRCI values for the 4 cases are  
positive, which means that there is a decrease in the lane-change crash risk for these 4 
cases when compared to the base case. Moreover, we can note that the only statistically 
significant case is case 17.  
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Adding the OLCRCI values for the stations that show a decrease in the lane-
change crash risk, i.e. for Tables 6-36 and 6-37, we can obtain a cumulative OLCRCI 
value. This is shown in Table 6-38. 
Table 6-38: Cumulative OLCRCI for Cases 17 to 20 from Adding OLCRCI Values from Tables 5-
136 and 5-137 
  Base Case 17 Case 18 Case 19 Case 20 
Cumulative OLCRCI --- 5.654 5.903 6.000 6.186 
 
Therefore, cases 20 and 19 are considered the 2 best cases respectively in 
reducing the average lane-change crash risk when implementing Ramp Metering 
everywhere and VSL everywhere. We can note that both cases were not significant in 
decreasing the average lane-change crash risk from Table 6-37, but when adding the 
OLCRCI values from Tables 6-36 and 6-37, the cumulative OLCRCI value is relatively 
higher than other cases.  
To test whether there is a significant difference in the average lane-change crash 
risk for the remaining stations between the base case and cases 17 to 20, another t-test is 
performed. Tables 6-39, 6-40 and 6-41 summarize the t-test, along with the OLCRCI 
values. 
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Table 6-39: Summary of the Difference in Lane-Change Crash Risk for Cases 17 to 20 at Stations 4 
to 13 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 4 to 13) 
-1.801 -1.744 -1.746 -1.746 -1.755 
Crash Risk Benefit --- -0.057 -0.055 -0.055 -0.046 
T-Statistic 
(Significance of 
Change) 
--- 0.473 0.453 0.457 0.382 
            
OLCRCI --- -1.149 -1.092 -1.099 -0.919 
 
 
Table 6-40: Summary of the Difference in Lane-Change Crash Risk for Cases 17 to 20 at Stations 32 
to 33 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 32 to 33) 
0.847 0.765 0.768 0.763 0.771 
Crash Risk Benefit --- 0.082 0.079 0.084 0.076 
T-Statistic 
(Significance of 
Change) 
--- 0.274 0.266 0.281 0.254 
            
OLCRCI --- 0.329 0.316 0.334 0.304 
 
Table 6-41: Summary of the Difference in Lane-Change Crash Risk for Cases 17 to 20 at Stations 43 
to 67 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 43 to 67) 
0.206 0.216 0.214 0.218 0.215 
Crash Risk Benefit --- -0.010 -0.008 -0.013 -0.010 
T-Statistic 
(Significance of 
Change) 
--- 0.074 0.058 0.091 0.068 
            
OLCRCI --- -0.521 -0.410 -0.639 -0.480 
 
 302
Table 6-39 shows the highest negatively affected section throughout the whole network. 
From Tables 6-39, 6-40 and 6-41, we can note that there is no t-statistic greater than the t-
critical (1.645). Thus, there is no significant difference (no significant increase or 
decrease) in the average lane-change crash risk for the remaining stations between the 
base case and cases 17 to 20. But, we still need to see the cumulative OLCRCI for the 4 
cases over the entire network. Table 6-42 summarizes the cumulative OLCRCI for the 4 
cases over the entire network. 
Table 6-42: Cumulative OLCRCI for Cases 17 to 20 over the Entire Network 
  Base Case 17 Case 18 Case 19 Case 20 
Cumulative OLCRCI --- 4.313 4.717 4.596 5.091 
 
From Table 6-42, we can note that all the 4 cases have positive cumulative 
OLCRCI values, which means an overall safety benefit to the network. 
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
cases 19 and 20 are plotted in Figure 6-21. 
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Figure 6-21: Average Lane-Change Crash Risk Profile at Station 20 E 0 – Cases 19 and 20 
 
From this figure, we can note that there is a variation in the crash risk vs. time 
step for both cases. However, both cases (19 and 20) succeeded in keeping the lane-
change crash risk lower than the base case in almost all the time steps. Also, this plot 
looks much better Figure 5-21 previously shown in the preliminary experimental design 
at the 80 percent loading, where implementing VSL for 10 minutes was used in 
conjunction with Ramp Metering everywhere. Thus, there is an improvement in this plot 
when VSL is implemented for 30 minutes. 
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
cases 17 and 18 are plotted in Figure 6-22. 
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Figure 6-22: Average Lane-Change Crash Risk Profile at Station 20 E 0 – Cases 17 and 18 
 
This figure looks much worse than Figure 6-21, where there are some time steps 
that suffer an increase in the crash risk much higher than the base case. And accordingly, 
this figures confirms our conclusion that cases 19 and 20 are the best cases. But, to be 
more assured, another station is investigated, which is station 14 E 0. 
The average lane-change crash risk profiles at station 14 E 0 for the base case, 
cases 19 and 20 are plotted in Figure 6-23. Also, the average lane-change crash risk 
profiles at station 14 E 0 for the base case, cases 17 and 18 are plotted in Figure 6-24. 
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Figure 6-23: Average Lane-Change Crash Risk Profile at Station 14 E 0 – Cases 19 and 20 
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Figure 6-24: Average Lane-Change Crash Risk Profile at Station 14 E 0 – Cases 17 and 18 
 
These two figures assess our conclusion that cases 19 and 20 are the best cases 
out of the 4 cases. Also, Figure 6-23 looks much better than Figure 5-22 previously 
shown in the preliminary experimental design at the 80 percent loading, where 
implementing VSL for 10 minutes was used in conjunction with Ramp Metering 
everywhere. 
Thus, from the safety perspective, cases 19 and 20 are the best cases. And as 
previously indicated, this safety perspective includes two measures of effectiveness, the 
ORERCI and the OLCRCI. But, we still have the mobility measure of effectiveness (in 
terms of the travel time). Thus, the 4 cases are checked to know whether they decrease 
the total travel time or not. This is shown in Section (6.2.1.3), where the 4 cases are 
compared to the base case. 
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6.2.1.3 Travel Time Analysis 
The 4 cases (17, 18, 19 and 20) are also compared to the base case in terms of the 
travel time. It is to be noted that 10 replications for the 4 cases and the base case were 
performed, and the total network travel time was taken from each replication.    
A t-test was performed for the 4 cases to compare their travel times with the base 
travel times. A summary of this test is shown in Table 6-43. 
Table 6-43: Travel Time Analysis for Cases 17, 18, 19 and 20 
  Base Case 17 Case 18 Case 19 Case 20 
Average Travel Time 
(Vehicle-hours) 
16391.45 16462.01 16505.57 16424.29 16520.35 
Percent Increase   0.43 0.70 0.20 0.79 
t-statistic   1.38 1.41 0.54 1.94 
t-critical   1.83 1.83 1.83 1.83 
 
From this table, we can note the 4 cases increase the travel time more than the 
base case. Case 20 is the only statistically significant case in increasing the travel time 
more than the base case.  
Also, it is obvious that case 19 is much better than cases 17, 18 and 20 as it has 
the least percent increase in the travel time when compared to the base case. This percent 
increase is 0.2 %, which is not that high. Moreover, this increase is not deemed 
statistically significant. And since it was concluded that cases 19 and 20 were the best 
cases in increasing safety benefits over the simulated network, case 19 is deemed the best 
case. 
Therefore, case 19 is deemed the best case when implementing Ramp Metering 
and VSL strategies everywhere at the 80 percent loading. And consequently, this result 
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confirms the conclusions of Dhindsa (2006), who found that VSL in conjunction with 
Ramp Metering could help to reduce crash risk in congested (or near-congested) 
situations.  
Thus, the implementation of Ramp Metering everywhere and VSL everywhere at 
the 80 percent loading scenario had safety benefit in some areas across the network, but 
with a little increase in the total travel time, which is acceptable. 
Comparing these results with Cunningham (2007) who only used the VSL 
strategy for the same network, we can note that his best case was different than the best 
case concluded here. The best case of Cunningham (2007) at the 80 percent loading is 
shown in Table 6-44. 
Table 6-44: Summary for the Best VSL Strategy at the 80 Percent Loading from Cunningham (2007) 
Speed    Change 
Implementation 
Speed    Zone          
Definition (mph) 
Speed   Change 
Distance 
Speed    Change      
Time (min) 
-5/+5 5 0.5 5 
 
For the rear-end crash risk, Cunningham (2007) concluded that there are two  
positively affected segments. The first segment extends over an 8.5-mile stretch from 
station 14 to station 31. His ORERCI value for the best case at this segment was 0.7. 
However, this decrease in the rear-end crash risk for the best case was not deemed 
statistically significant. The second segment extends over a 5.5-mile stretch from station 
33 to station 44. His ORERCI value for the best case at this segment was 0.496. Also, 
this decrease in the rear-end crash risk for the best case was not deemed statistically 
significant. Thus, in spite that his ORERCI value was higher than that in this study, and 
also his length of the positively affected sections is much longer than that in this study, 
still his strategy can not be considered more effective. This is because this increase in the 
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rear-end crash risk benefit for both segments was not statistically significant, as indicated 
by Cunningham (2007).  
For the lane-change crash risk, Cunningham (2007) concluded that there are two  
positively affected segments. The first segment extends over a 3-mile stretch from station 
15 to station 21. His OLCRCI value for the best case at this segment was 4.354, and this 
decrease in the lane-change crash risk for the best case was deemed statistically 
significant. The second segment extends over a 10-mile stretch from station 32 to station 
52. His OLCRCI value for the best case at this segment was 0.611. But, this decrease in 
the lane-change crash risk for the best case was not deemed statistically significant. The 
length of the positively affected sections in both studies is almost the same (about 13 
miles). But, in this study, there was a significant decrease in the lane-change crash risk 
for the best case (case 19) for a longer stretch (8.5-mile stretch from station 14 to station 
31). Moreover, the OLCRCI value for the best case at this section was 5.232, which is 
much higher than his value. Thus, the results from this study looks more beneficial and 
more effective than Cunningham’s (2007) in terms of safety benefits, and more clearly 
the lane-change crash risk benefit.  
For the total travel time, his best case increased the total travel time by 0.369 %, 
and this increase was not deemed statistically significant. We can note that this value is 
much higher than the percent increase observed in this study for the best case, which was 
0.2 %. Also, the percent increase in the travel time for this study was not deemed 
statistically significant. Thus, again, the results from this study looks much better. 
Finally, to make our judgment much more precise, let’s compare between the plot 
of the average lane-change crash risk vs. time step in both studies at the same station (18 
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E 1). The plot from Cunningham (2007) is shown in Figure 6-25. The plot from this study 
is shown in Figure 6-26. 
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Figure 6-25: Average Lane-Change Crash Risk Profile at Station 18 E 1 for the Best Case (T 19) 
from Cunningham (2007) 
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Figure 6-26: Average Lane-Change Crash Risk Profile at Station 18 E 1 for the Best Case (Case 19) 
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From both figures, we can note that the plot obtained from this study looks much 
better than the plot from Cunningham (2007). This is because there is not much variation 
in the crash risk vs. time step as that in Cunningham (2007). This is much more obvious 
in the first half of the plot in this study. But, both plots suffer some increase in the crash 
risk that is much higher than the base case for some time steps, but this increase is very 
small, and can be ignored as it is not spreading over wide areas of time steps. 
Hence, we can say that implementing Ramp Metering strategy in conjunction with 
VSL strategy everywhere at the 80 percent loading yields better results and is more 
effective than implementing the VSL strategy only over the simulated network. 
6.2.2 Ramp Metering Downtown and VSL Everywhere  
The final experimental design for implementing Ramp Metering Downtown and 
VSL everywhere is shown in Tables 6-45 and 6-46. 
Table 6-45: Best VSL Strategy Scenarios for the Final Experimental Design for the 80 Percent 
Loading for Implementing Ramp Metering Downtown and VSL Everywhere 
Scenario    
ID 
Speed    Change 
Implementation 
Speed    Zone       
Definition (mph) 
Speed   Change 
Distance 
Speed    Change     
Time (min)  
21 -5 / +5 2.5 0.5 30 
22 -5 / +5 2.5 1 30 
23 -5 / +5 5 0.5 30 
24 -5 / +5 5 1 30 
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Table 6-46: Best Ramp Metering Strategy Scenarios for the Final Experimental Design for the 80 
Percent Loading for Implementing Ramp Metering Downtown and VSL Everywhere 
Scenario     ID Ramp    Metering Algorithm Cycle   Length         for Zone (sec) 
21, 22, 23 and 24 Zone 60 
 
6.2.2.1 Rear-End Crash Risk 
Figure 6-27 shows the plot of the average rear-end crash risk over each location 
for the base case as well as cases 21 to 24. 
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Figure 6-27: Average Rear-End Crash Risk vs. Location for Cases 21 to 24 
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As shown in the figure, there is hardly any noticeable difference between the base 
case and the 4 cases. In fact, there is one positively affected sections by these cases 
throughout the whole network. This section extends over a 5-mile stretch from station 36 
to station 46. The remaining stations have almost no obvious difference or are negatively 
affected. 
Figure 6-28 shows the plot of the average rear-end crash risk from station 36 to 46 
for cases 21 to 24. 
Cases 21 to 24
Station 36 to 46
0.0
0.5
1.0
1.5
2.0
2.5
3.0
36
 E 
0
36
 E 
1
37
 E 
0
37
 E 
1
38
 E 
0
38
 E 
1
40
 E 
0
40
 E 
1
41
 E 
0
41
 E 
1
42
 E 
0
42
 E 
1
43
 E 
0
43
 E 
1
44
 E 
0
44
 E 
1
45
 E 
0
45
 E 
1
46
 E 
0
46
 E 
1
Location
A
ve
ra
ge
 R
ea
r-E
nd
 C
ra
sh
 R
is
k
BASE
Case 21
Case 22
Case 23
Case 24
 
Figure 6-28: Average Rear-End Crash Risk vs. Location (Stations 36 to 46) for Cases 21 to 24 – 
Magnified 
 
As shown in the two figures, there is a sort of decrease in the average rear-end 
crash risk compared to the base case. But, we still need to assess this statistically. So, it is 
desirable to know if the decrease in the average crash risk is statistically significant or 
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not. As previously indicated in the preliminary experimental design, in order to answer 
this question, a student’s t-test is performed for each of the 4 cases and the base case.  
The average crash risks for each case over stations 36 to 46 are compared to the 
average crash risks over the same stations for the base case. Table 6-47 summarizes the t-
test, along with the Overall Rear-End Risk Change Index (ORERCI). 
Table 6-47: Summary of the Difference in Rear-End Crash Risk for Cases 21 to 24 at Stations 36 to 
46 
Test Case ID 
  Base Case 21 Case 22 Case 23 Case 24 
Average Crash Risk 
(Stations 36 to 46) 
1.395 1.382 1.360 1.384 1.383 
Crash Risk Benefit --- 0.013 0.034 0.011 0.012 
T-Statistic 
(Significance of 
Change) 
--- 0.066 0.180 0.057 0.062 
            
ORERCI --- 0.252 0.687 0.216 0.233 
 
 
From this table, we can note that the four cases have positive ORERCI values. 
These positive ORERCI values indicate that these four cases have a lower average rear-
end crash risk than the base case. We can also note that there is no significant decrease in 
the average rear-end crash risk as there is no t-statistic equal to or greater than the t-
critical (1.645). 
To test whether there is a significant difference in the average rear-end crash risk 
for the remaining stations between the base case and cases 21 to 24, another t-test is 
performed. Tables 6-48, 6-49, 6-50 and 6-51 summarize the t-test, along with the 
ORERCI values. 
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Table 6-48: Summary of the Difference in Rear-End Crash Risk for Cases 21 to 24 at Stations 4 to 15 
Test Case ID 
  Base Case 21 Case 22 Case 23 Case 24 
Average Crash Risk 
(Stations 4 to 15) 
-0.688 -0.704 -0.701 -0.703 -0.703 
Crash Risk Benefit --- 0.016 0.013 0.015 0.015 
T-Statistic 
(Significance of 
Change) 
--- 0.286 0.231 0.270 0.269 
            
ORERCI --- 0.385 0.312 0.365 0.364 
 
 
Table 6-49: Summary of the Difference in Rear-End Crash Risk for Cases 21 to 24 at Stations 16 to 
19 
Test Case ID 
  Base Case 21 Case 22 Case 23 Case 24 
Average Crash Risk 
(Stations 16 to 19) 
-0.613 -0.634 -0.641 -0.637 -0.641 
Crash Risk Benefit --- 0.020 0.028 0.023 0.027 
T-Statistic 
(Significance of 
Change) 
--- 0.189 0.257 0.217 0.256 
            
ORERCI --- 0.162 0.221 0.186 0.219 
 
 
Table 6-50: Summary of the Difference in Rear-End Crash Risk for Cases 21 to 24 at Stations 20 to 
35 
Test Case ID 
  Base Case 21 Case 22 Case 23 Case 24 
Average Crash Risk 
(Stations 20 to 35) 
-0.003 -0.010 -0.013 -0.006 -0.006 
Crash Risk Benefit --- 0.006 0.010 0.003 0.003 
T-Statistic 
(Significance of 
Change) 
--- 0.033 0.050 0.015 0.017 
            
ORERCI --- 0.206 0.309 0.094 0.105 
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Table 6-51: Summary of the Difference in Rear-End Crash Risk for Cases 21 to 24 at Stations 47 to 
67 
Test Case ID 
  Base Case 21 Case 22 Case 23 Case 24 
Average Crash Risk 
(Stations 47 to 67) 
-0.136 -0.137 -0.139 -0.129 -0.139 
Crash Risk Benefit --- 0.001 0.003 -0.007 0.004 
T-Statistic 
(Significance of 
Change) 
--- 0.008 0.014 0.035 0.018 
            
ORERCI --- 0.061 0.114 -0.281 0.149 
 
From these tables, we can see that there is no t-statistic greater than the t-critical 
(1.645). Thus, there is no significant difference (no significant increase or decrease) in 
the average rear-end crash risk for the remaining stations between the base case and cases 
21 to 24.  
Therefore, in terms of the average rear-end crash risk; cases 21 to 24 do not have 
any significant effect on the network. But, we still need to see the cumulative ORERCI 
for the 4 cases over the entire network. Table 6-52 summarizes the cumulative ORERCI 
for the 4 cases over the entire network. 
Table 6-52: Cumulative ORERCI for Cases 21 to 24 over the Entire Network 
  Base Case 21 Case 22 Case 23 Case 24 
Cumulative ORERCI --- 1.065 1.643 0.580 1.070 
 
Based on this table, it is obvious that all the 4 cases are beneficial to the network. 
This is clear in the positive cumulative ORERCI values. Thus, the implementation of 
Ramp Metering and VSL everywhere did acceptable job in reducing the average rear-end 
crash risk, although shown to be statistically nonsignificant. 
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6.2.2.2 Lane-Change Crash Risk 
Figure 6-29 shows the plot of the average lane-change crash risk over each 
location for the base case as well as cases 21 to 24. 
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Figure 6-29: Average Lane-Change Crash Risk vs. Location for Cases 21 to 24 
 
As shown in the figure, there is hardly any noticeable difference between the base 
case and the 4 cases. In fact, there are two positively affected sections by these cases 
throughout the whole network. The first section extends over an 8.5-mile stretch from 
station 14 to station 31. The second section extends over a 4-mile stretch from station 34 
to station 42. The remaining stations have almost no obvious difference or are negatively 
affected. The highest negatively affected section extends over a 4.5-mile stretch from 
station 4 to 13. 
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Figures 6-30 and 6-31 show the plot of the average lane-change crash risk for 
cases 21 to 24 from station 14 to 31 and from station 34 to 42 respectively. 
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Figure 6-30: Average Lane-Change Crash Risk vs. Location (Stations 14 to 31) for Cases 21 to 24 – 
Magnified 
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Figure 6-31: Average Lane-Change Crash Risk vs. Location (Stations 34 to 42) for Cases 21 to 24 – 
Magnified 
 
As shown in the two figures, there is a sort of decrease in the average lane-change 
crash risk compared to the base case. However, we still need to assess this statistically. 
This is done using a student’s t-test for each of the 4 cases and the base case.  
The average crash risk for each case over stations 14 to 31 and also over stations 
34 to 42 is compared to the average crash risk over the same stations for the base case. 
Tables 6-53 and 6-54 summarize the t-test, along with the Overall Lane-Change Risk 
Change Index (OLCRCI). 
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Table 6-53: Summary of the Difference in Lane-Change Crash Risk for Cases 21 to 24 at Stations 14 
to 31 
Test Case ID 
  Base Case 21 Case 22 Case 23 Case 24 
Average Crash Risk 
(Stations 14 to 31) 
0.162 0.035 0.035 0.029 0.018 
Crash Risk Benefit --- 0.127 0.127 0.133 0.144 
T-Statistic 
(Significance of 
Change) 
--- 2.349 2.417 2.514 2.698 
            
OLCRCI --- 4.567 4.580 4.799 5.172 
 
Table 6-54: Summary of the Difference in Lane-Change Crash Risk for Cases 21 to 24 at Stations 34 
to 42 
Test Case ID 
  Base Case 21 Case 22 Case 23 Case 24 
Average Crash Risk 
(Stations 34 to 42) 
1.029 0.994 1.009 0.998 1.003 
Crash Risk Benefit --- 0.035 0.020 0.031 0.026 
T-Statistic 
(Significance of 
Change) 
--- 1.071 0.597 0.943 0.813 
            
OLCRCI --- 0.561 0.323 0.493 0.418 
 
From Table 6-53, we can note that the OLCRCI values for the 4 cases are  
positive, which means that there is a decrease in the lane-change crash risk for these 4 
cases when compared to the base case. Moreover, this decrease is statistically significant 
for the 4 cases, which is good. 
From Table 6-54, we can also note that the OLCRCI values for the 4 cases are  
positive, which means that there is a decrease in the lane-change crash risk for these 4 
cases when compared to the base case. Moreover, we can note that this decrease is not 
statistically significant for any of the 4 cases.  
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From Table 6-53, we can conclude that cases 24 and 23 are considered the 2 best 
cases respectively in reducing the average lane-change crash risk when implementing 
Ramp Metering downtown and VSL everywhere.  
To test whether there is a significant difference in the average lane-change crash 
risk for the remaining stations between the base case and cases 21 to 24, another t-test is 
performed. Tables 6-55, 6-56 and 6-57 summarize the t-test, along with the OLCRCI 
values. 
Table 6-55: Summary of the Difference in Lane-Change Crash Risk for Cases 21 to 24 at Stations 4 
to 13 
Test Case ID 
  Base Case 21 Case 22 Case 23 Case 24 
Average Crash Risk 
(Stations 4 to 13) 
-1.801 -1.751 -1.751 -1.755 -1.746 
Crash Risk Benefit --- -0.049 -0.050 -0.046 -0.055 
T-Statistic 
(Significance of 
Change) 
--- 0.407 0.415 0.382 0.454 
            
OLCRCI --- -0.990 -0.999 -0.913 -1.099 
 
 
 
Table 6-56: Summary of the Difference in Lane-Change Crash Risk for Cases 21 to 24 at Stations 32 
to 33 
Test Case ID 
  Base Case 21 Case 22 Case 23 Case 24 
Average Crash Risk 
(Stations 32 to 33) 
0.847 0.783 0.775 0.789 0.792 
Crash Risk Benefit --- 0.064 0.072 0.058 0.055 
T-Statistic 
(Significance of 
Change) 
--- 0.214 0.242 0.194 0.182 
            
OLCRCI --- 0.256 0.286 0.231 0.218 
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Table 6-57: Summary of the Difference in Lane-Change Crash Risk for Cases 21 to 24 at Stations 43 
to 67 
Test Case ID 
  Base Case 21 Case 22 Case 23 Case 24 
Average Crash Risk 
(Stations 43 to 67) 
0.206 0.209 0.207 0.219 0.210 
Crash Risk Benefit --- -0.004 -0.001 -0.013 -0.004 
T-Statistic 
(Significance of 
Change) 
--- 0.026 0.007 0.091 0.029 
            
OLCRCI --- -0.183 -0.052 -0.642 -0.201 
 
Table 6-55 shows the highest negatively affected section throughout the whole 
network. From Tables 6-55, 6-56 and 6-57, we can note that there is no t-statistic greater 
than the t-critical (1.645). Thus, there is no significant difference (no significant increase 
or decrease) in the average lane-change crash risk for the remaining stations between the 
base case and cases 17 to 20. But, we still need to see the cumulative OLCRCI for the 4 
cases over the entire network. Table 6-58 summarizes the cumulative OLCRCI for the 4 
cases over the entire network. 
Table 6-58: Cumulative OLCRCI for Cases 21 to 24 over the Entire Network 
  Base Case 21 Case 22 Case 23 Case 24 
Cumulative OLCRCI --- 4.211 4.139 3.966 4.508 
 
From Table 6-58, we can note that all the 4 cases have positive cumulative 
OLCRCI values, which means an overall safety benefit to the network. 
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
cases 23 and 24 are plotted in Figure 6-32. 
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Figure 6-32: Average Lane-Change Crash Risk Profile at Station 20 E 0 – Cases23 and 24 
 
From this figure, we can note that there is a variation in the crash risk vs. time 
step for both cases. However, both cases (23 and 24) succeeded in keeping the lane-
change crash risk lower than the base case in a lot of time steps. Also, this plot looks 
much better Figure 5-28 previously shown in the preliminary experimental design at the 
80 percent loading, where implementing VSL everywhere for 5 and 10 minutes was used 
in conjunction with Ramp Metering downtown. Thus, there is an improvement in this 
plot when VSL is implemented for 30 minutes. 
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
cases 21 and 22 are plotted in Figure 6-33. 
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Figure 6-33: Average Lane-Change Crash Risk Profile at Station 20 E 0 – Cases 21 and 22 
 
This figure looks much worse than Figure 6-32, where there are some time steps 
that suffer an increase in the crash risk much higher than the base case. And accordingly, 
this figures confirms our conclusion that cases 23 and 24 are the best cases. But, to be 
more assured, another station is investigated, which is station 14 E 0. 
The average lane-change crash risk profiles at station 14 E 0 for the base case, 
cases 23 and 24 are plotted in Figure 6-34. Also, the average lane-change crash risk 
profiles at station 14 E 0 for the base case, cases 21 and 22 are plotted in Figure 6-35. 
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Figure 6-34: Average Lane-Change Crash Risk Profile at Station 14 E 0 – Cases23 and 24 
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Figure 6-35: Average Lane-Change Crash Risk Profile at Station 14 E 0 – Cases21 and 22 
 
These two figures assess our conclusion that cases 23 and 24 are the best cases 
out of the 4 cases. Also, Figure 6-34 looks much better Figure 5-29 previously shown in 
the preliminary experimental design at the 80 percent loading, where implementing VSL 
everywhere for 5 and 10 minutes was used in conjunction with Ramp Metering 
downtown. 
Thus, from the safety perspective, cases 23 and 24 are the best cases. And as 
previously indicated, this safety perspective includes two measures of effectiveness, the 
ORERCI and the OLCRCI. But, we still have the mobility measure of effectiveness (in 
terms of the travel time). Thus, the 4 cases are checked to know whether they decrease 
the total travel time or not. This is shown in Section (6.2.2.3), where the 4 cases are 
compared to the base case. 
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6.2.2.3 Travel Time Analysis 
The 4 cases (21, 22, 23 and 24) are also compared to the base case in terms of the 
travel time. It is to be noted that 10 replications for the 4 cases and the base case were 
performed, and the total network travel time was taken from each replication.    
A t-test was performed for the 4 cases to compare their travel times with the base 
travel times. A summary of this test is shown in Table 6-59. 
Table 6-59: Travel Time Analysis for Cases 21, 22, 23 and 24 
 Base Case 21 Case 22 Case 23 Case 24 
Average Travel Time 
(Vehicle-hours) 16391.45 16333.16 16446.74 16543.76 16538.01 
Percent 
Decrease/Increase  -0.36 +0.34 +0.93 +0.89 
t-statistic  1.24 1.40 1.79 2.36 
t-critical  1.83 1.83 1.83 1.83 
 
From this table, we can note there are 3 cases that increase the travel time more 
than the base case. These cases are 22, 23 and 24. Case 24 is the only statistically 
significant case in increasing the travel time more than the base case. Also, we can note 
that case 21 is the only case that decreases the travel time. But, this decrease is not 
deemed statistically significant.  
It is obvious that case 22 has the least percent increase in the travel time when 
compared to the base case. This percent increase is 0.34 %. Moreover, in spite that case 
24 has less percent increase than case 23, the increase in the travel time for case 24 is 
statistically significant, while for case 23, it is not. This gives more advantage for case 23 
than case 24 for being selected as the best case. 
 329
Therefore, case 23 is deemed the best case when implementing Ramp Metering 
downtown and VSL everywhere at the 80 percent loading. And once more, this result 
confirms the conclusions of Dhindsa (2006), who found that VSL in conjunction with 
Ramp Metering could help to reduce crash risk in congested (or near-congested) 
situations.  
Thus, the implementation of Ramp Metering downtown and VSL everywhere at 
the 80 percent loading scenario had safety benefit in some areas across the network, but 
with a little increase in the total travel time, which is acceptable. 
Comparing these results with Cunningham (2007) for the rear-end crash risk, we 
can note that in spite his ORERCI value was higher than that in this study, and also his 
length of the positively affected sections is much longer than that in this study, still his 
strategy can not be considered more effective. This is because this increase in the rear-
end crash risk benefit for both segments was not statistically significant.  
For the lane-change crash risk, we can note that in this study, there was a 
significant decrease in the lane-change crash risk for the best case (case 23) for a longer 
stretch (8.5-mile stretch from station 14 to station 31). Moreover, the OLCRCI value for 
the best case at this section was 4.799, which is much higher than his value. Thus, once 
more, the results from this study looks more beneficial and more effective than 
Cunningham’s (2007) in terms of safety benefits, and more clearly the lane-change crash 
risk benefit.  
For the total travel time, his best case increased the total travel time by 0.369 %, 
and this increase was not deemed statistically significant. We can note that this value is 
much lower than the percent increase observed in this study for the best case, which was 
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0.93 %. Also, the percent increase in the travel time for this study was not deemed 
statistically significant. But, this advantage for Cunningham (2007) is not that important 
as both percent increase were statistically nonsignificant. 
Finally, to make our judgment much more precise, let’s compare again between 
the plot of the average lane-change crash risk vs. time step in both studies at the same 
station (18 E 1). The plot from Cunningham (2007) is shown again in Figure 6-36. The 
plot from this study is shown in Figure 6-37. 
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Figure 6-36: Average Lane-Change Crash Risk Profile at Station 18 E 1 for the Best Case (T 19) 
from Cunningham (2007) 
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Figure 6-37: Average Lane-Change Crash Risk Profile at Station 18 E 1 for the Best Case (Case 23) 
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From both figures, we can note that both plots look very similar, and it is very 
difficult to differentiate between them. This is because both plots suffer some increase in 
the crash risk more than the base case for some time steps, and also there are some 
variations in the crash risk vs. time step.  
Hence, we can say that implementing Ramp Metering strategy downtown in 
conjunction with VSL strategy everywhere at the 80 percent loading yields better results 
and is more effective than implementing the VSL strategy only over the simulated 
network. 
But, comparing these results with the results obtained from implementing Ramp 
Metering and VSL strategies everywhere, we can note that implementing Ramp Metering 
and VSL strategies everywhere was much more effective and showed much more benefit 
than implementing Ramp Metering downtown and VSL everywhere. This was also 
obvious in comparing both of them with Cunningham’s (2007) results. 
Therefore, we can conclude that implementing Ramp Metering strategy in 
conjunction with VSL strategy everywhere at the 80 percent loading is the best effective 
solution to reduce both crash risks (rear-end and lane-change). 
6.3 90 Percent Loading Scenario 
The 4 different cases (17, 18, 19 and 20) previously shown in Tables 5-97 and 5-
98 were run at the 90 percent loading. It is to be noted that 10 runs were used for each of 
these 4 cases. These cases were run to test whether or not implementing VSL strategy 
everywhere for 20 minutes in conjunction with implementing Ramp Metering 
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everywhere could help reduce the crash risk (both rear-end and lane-change crash risks) 
during a typical peak period on Interstate-4. 
6.3.1 Rear-End Crash Risk 
Figure 6-38 shows the plot of the average rear-end crash risk over each location 
for the base case as well as cases 17 to 20. 
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Figure 6-38: Average Rear-End Crash Risk vs. Location for Cases 17 to 20 
 
As shown in the figure, there is hardly any noticeable difference between the base 
case and the 4 cases. In fact, there are two positively affected sections by these cases 
throughout the whole network. The first section extends over a 2-mile stretch from station 
13 to station 17. The second section extends over a 5-mile stretch from station 28 to 
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station 38. The remaining stations have almost no obvious difference or are negatively 
affected. 
Figures 6-39 and 6-40 show the plot of the average rear-end crash risk from 
station 13 to 17 and from station 28 to 38 respectively for cases 17 to 20. 
Cases 17 to 20
Station 13 to 17
-1.0
-0.9
-0.8
-0.7
-0.6
-0.5
-0.4
-0.3
-0.2
-0.1
0.0
13
 E
 0
13
 E
 1
14
 E
 0
14
 E
 1
15
 E
 0
15
 E
 1
16
 E
 0
16
 E
 1
17
 E
 0
17
 E
 1
Location
A
ve
ra
ge
 R
ea
r-E
nd
 C
ra
sh
 R
is
k
BASE
Case 17
Case 18
Case 19
Case 20
 
Figure 6-39: Average Rear-End Crash Risk vs. Location (Stations 13 to 17) for Cases 17 to 20 – 
Magnified 
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Figure 6-40: Average Rear-End Crash Risk vs. Location (Stations 28 to 38) for Cases 17 to 20 – 
Magnified 
 
As shown in the two figures, there is a sort of decrease in the average rear-end 
crash risk compared to the base case. But, we still need to assess this statistically. So, it is 
desirable to know if the decrease in the average crash risk is statistically significant or 
not. As previously indicated in the preliminary experimental design, in order to answer 
this question, a student’s t-test is performed for each of the 4 cases and the base case.  
The average crash risks for each case over stations 13 to 17 and 28 to 38 are 
compared to the average crash risks over the same stations for the base case. Tables 6-60 
and 6-61 summarize the t-test, along with the Overall Rear-End Risk Change Index 
(ORERCI). 
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Table 6-60: Summary of the Difference in Rear-End Crash Risk for Cases 17 to 20 at Stations 13 to 
17 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 13 to 17) 
-0.653 -0.688 -0.693 -0.690 -0.688 
Crash Risk Benefit --- 0.035 0.040 0.037 0.036 
T-Statistic 
(Significance of 
Change) 
--- 0.369 0.421 0.395 0.377 
            
ORERCI --- 0.349 0.397 0.373 0.355 
 
Table 6-61: Summary of the Difference in Rear-End Crash Risk for Cases 17 to 20 at Stations 28 to 
38 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 28 to 38) 
0.883 0.778 0.852 0.801 0.823 
Crash Risk Benefit --- 0.105 0.031 0.081 0.060 
T-Statistic 
(Significance of 
Change) 
--- 0.357 0.103 0.274 0.200 
            
ORERCI --- 2.308 0.676 1.788 1.312 
 
From Tables 6-60 and 6-61, we can note that the four cases have positive 
ORERCI values. These positive ORERCI values indicate that these four cases have a 
lower average rear-end crash risk than the base case. We can also note that there is no 
significant decrease in the average rear-end crash risk as there is no t-statistic equal to or 
greater than the t-critical (1.645). 
To test whether there is a significant difference in the average rear-end crash risk 
for the remaining stations between the base case and cases 17 to 20, another t-test is 
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performed. Tables 6-62, 6-63, 6-64 and 6-65 summarize the t-test, along with the 
ORERCI values. 
Table 6-62: Summary of the Difference in Rear-End Crash Risk for Cases 17 to 20 at Stations 4 to 12 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 4 to 12) 
-0.712 -0.708 -0.709 -0.707 -0.706 
Crash Risk Benefit --- -0.004 -0.003 -0.005 -0.005 
T-Statistic 
(Significance of 
Change) 
--- 0.064 0.046 0.068 0.082 
            
ORERCI --- -0.077 -0.055 -0.081 -0.098 
 
Table 6-63: Summary of the Difference in Rear-End Crash Risk for Cases 17 to 20 at Stations 18 to 
27 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 18 to 27) 
-0.406 -0.374 -0.364 -0.362 -0.367 
Crash Risk Benefit --- -0.032 -0.042 -0.044 -0.039 
T-Statistic 
(Significance of 
Change) 
--- 0.366 0.471 0.495 0.442 
            
ORERCI --- -0.642 -0.842 -0.879 -0.784 
 
Table 6-64: Summary of the Difference in Rear-End Crash Risk for Cases 17 to 20 at Stations 40 to 
43 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 40 to 43) 
1.191 1.238 1.192 1.202 1.183 
Crash Risk Benefit --- -0.046 -0.001 -0.011 0.008 
T-Statistic 
(Significance of 
Change) 
--- 0.128 0.002 0.029 0.022 
            
ORERCI --- -0.371 -0.005 -0.086 0.064 
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Table 6-65: Summary of the Difference in Rear-End Crash Risk for Cases 17 to 20 at Stations 44 to 
67 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 44 to 67) 
-0.007 -0.019 -0.020 -0.019 -0.022 
Crash Risk Benefit --- 0.012 0.013 0.012 0.015 
T-Statistic 
(Significance of 
Change) 
--- 0.065 0.070 0.066 0.080 
            
ORERCI --- 0.576 0.617 0.583 0.709 
 
From these tables, we can see that there is no t-statistic greater than the t-critical 
(1.645). Thus, there is no significant difference (no significant increase or decrease) in 
the average rear-end crash risk for the remaining stations between the base case and cases 
17 to 20.  
Therefore, in terms of the average rear-end crash risk; cases 17 to 20 do not have 
any significant effect on the network. But, we still need to see the cumulative ORERCI 
for the 4 cases over the entire network. Table 6-66 summarizes the cumulative ORERCI 
for the 4 cases over the entire network. 
Table 6-66: Cumulative ORERCI for Cases 17 to 20 over the Entire Network 
  Base Case 17 Case 18 Case 19 Case 20 
Cumulative ORERCI --- 2.142 0.789 1.699 1.558 
 
Based on this table, it is obvious that all the 4 cases are beneficial to the network. 
This is clear in the positive cumulative ORERCI values. Thus, the implementation of 
Ramp Metering and VSL everywhere did acceptable job in reducing the average rear-end 
crash risk, although shown to be statistically nonsignificant. 
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6.3.2 Lane-Change Crash Risk 
Figure 6-41 shows the plot of the average lane-change crash risk over each 
location for the base case as well as cases 17 to 20. 
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Figure 6-41: Average Lane-Change Crash Risk vs. Location for Cases 17 to 20 
 
As shown in the figure, there is hardly any noticeable difference between the base 
case and the 4 cases. In fact, there are two positively affected sections by these cases 
throughout the whole network. The first section extends over a 3.5-mile stretch from 
station 14 to station 21. The second section extends over a 3.5-mile stretch from station 
30 to station 37. The remaining stations have almost no obvious difference or are 
negatively affected. The highest negatively affected sections extend over a 4.5-mile 
stretch from station 4 to 13 and over a 3.5-mile stretch from station 22 to 29. 
Figures 6-42 and 6-43 show the plot of the average lane-change crash risk for 
cases 17 to 20 from station 14 to 21 and from station 30 to 37 respectively. 
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Figure 6-42: Average Lane-Change Crash Risk vs. Location (Stations 14 to 21) for Cases 17 to 20 – 
Magnified 
 341
Cases 17 to 20
Station 30 to 37
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
30
 E
 0
30
 E
 1
31
 E
 0
31
 E
 1
32
 E
 0
32
 E
 1
33
 E
 0
33
 E
 1
34
 E
 0
34
 E
 1
35
 E
 0
35
 E
 1
36
 E
 0
36
 E
 1
37
 E
 0
37
 E
 1
Location
A
ve
ra
ge
 L
an
e-
C
ha
ng
e 
C
ra
sh
 R
is
k
BASE
Case 17
Case 18
Case 19
Case 20
 
Figure 6-43: Average Lane-Change Crash Risk vs. Location (Stations 30 to 37) for Cases 17 to 20 – 
Magnified 
 
As shown in the two figures, there is a sort of decrease in the average lane-change 
crash risk compared to the base case. However, we still need to assess this statistically. 
So, it is desirable to know if the decrease in the average crash risk is statistically 
significant or not. In order to correctly answer this question, a student’s t-test is 
performed for each of the 4 cases and the base case.  
The average crash risk for each case over stations 14 to 21 and also over stations 
30 to 37 is compared to the average crash risk over the same stations for the base case. 
Tables 6-67 and 6-68 summarize the t-test, along with the Overall Lane-Change Risk 
Change Index (OLCRCI). 
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Table 6-67: Summary of the Difference in Lane-Change Crash Risk for Cases 17 to 20 at Stations 14 
to 21 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 14 to 21) 
0.075 -0.070 -0.078 -0.066 -0.083 
Crash Risk Benefit --- 0.146 0.153 0.142 0.159 
T-Statistic 
(Significance of 
Change) 
--- 2.139 2.241 2.098 2.344 
            
OLCRCI --- 2.328 2.453 2.268 2.539 
 
 
Table 6-68: Summary of the Difference in Lane-Change Crash Risk for Cases 17 to 20 at Stations 30 
to 37 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 30 to 37) 
1.023 0.940 0.984 0.966 0.957 
Crash Risk Benefit --- 0.083 0.039 0.057 0.066 
T-Statistic 
(Significance of 
Change) 
--- 0.906 0.465 0.618 0.754 
            
OLCRCI --- 1.325 0.622 0.908 1.055 
 
From Table 6-67, we can note that the OLCRCI values for the 4 cases are  
positive, which means that there is a decrease in the lane-change crash risk for these 4 
cases when compared to the base case. Moreover, this decrease is statistically significant 
for the 4 cases, which is good. 
From Table 6-68, we can also note that the OLCRCI values for the 4 cases are  
positive, which means that there is a decrease in the lane-change crash risk for these 4 
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cases when compared to the base case, but none of these 4 cases is statistically 
significant. 
To test whether there is a significant difference in the average lane-change crash 
risk for the remaining stations between the base case and cases 17 to 20, another t-test is 
performed. Tables 6-69, 6-70 and 6-71 summarize the t-test, along with the OLCRCI 
values. 
Table 6-69: Summary of the Difference in Lane-Change Crash Risk for Cases 17 to 20 at Stations 4 
to 13 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 4 to 13) 
-1.568 -1.521 -1.517 -1.508 -1.518 
Crash Risk Benefit --- -0.048 -0.052 -0.060 -0.051 
T-Statistic 
(Significance of 
Change) 
--- 0.414 0.442 0.510 0.430 
            
OLCRCI --- -0.955 -1.033 -1.206 -1.012 
 
Table 6-70: Summary of the Difference in Lane-Change Crash Risk for Cases 17 to 20 at Stations 22 
to 29 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 22 to 29) 
-0.001 0.029 0.059 0.044 0.034 
Crash Risk Benefit --- -0.030 -0.060 -0.045 -0.035 
T-Statistic 
(Significance of 
Change) 
--- 0.392 0.753 0.597 0.453 
            
OLCRCI --- -0.480 -0.959 -0.727 -0.558 
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Table 6-71: Summary of the Difference in Lane-Change Crash Risk for Cases 17 to 20 at Stations 38 
to 67 
Test Case ID 
  Base Case 17 Case 18 Case 19 Case 20 
Average Crash Risk 
(Stations 38 to 67) 
0.240 0.236 0.235 0.240 0.241 
Crash Risk Benefit --- 0.004 0.004 -0.001 -0.001 
T-Statistic 
(Significance of 
Change) 
--- 0.029 0.033 0.006 0.011 
            
OLCRCI --- 0.207 0.239 -0.046 -0.077 
 
Tables 6-69 and 6-70 show the highest negatively affected sections throughout the 
whole network. From Tables 6-69, 6-70 and 6-71, we can note that there is no t-statistic 
greater than the t-critical (1.645). Thus, there is no significant difference (no significant 
increase or decrease) in the average lane-change crash risk for the remaining stations 
between the base case and cases 17 to 20. But, we still need to see the cumulative 
OLCRCI for the 4 cases over the entire network. Table 6-72 summarizes the cumulative 
OLCRCI for the 4 cases over the entire network. 
Table 6-72: Cumulative OLCRCI for Cases 17 to 20 over the Entire Network 
  
Base Case 17 Case 18 Case 19 Case 20 
Cumulative OLCRCI --- 2.425 1.321 1.197 1.947 
 
From Table 6-72, we can note that all the 4 cases have positive cumulative 
OLCRCI values, which means an overall safety benefit to the network. 
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
cases 18 and 20 are plotted in Figure 6-44. 
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Figure 6-44: Average Lane-Change Crash Risk Profile at Station 20 E 0 – Cases 18 and 20 
 
From this figure, we can note that there is not much variation in the average lane-
change crash risk vs. time step for case 18. Moreover, the average lane-change crash risk 
is less than the base case for almost all the time steps. But, for case 20, there is a lot of 
variations in the average lane-change crash risk vs. time step, which is an unfavorable 
result. Also, the average lane-change crash risk is much higher than the base case for 
some time steps, and the magnitude of this increase in the crash risk is not that small, and 
is spreading widely over some time steps.  
We can also note that the minimum value for the average lane-change crash risk 
for case 20 is about -0.4, which is less than that for case 18. For case 18, the minimum 
value is about -0.1. Also, the maximum value for the average lane-change crash risk for 
case 20 is about 0.38, and that for case 18 is about 0.25. Thus, case 18 is much better than 
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case 20 in spite of the magnitude of the reduction in the crash risk for case 18 when 
compared to the base case is much less than that for case 20. This is because the profile 
of case 18 looks so smooth, and is less than the base case in almost all the time steps.  
The average lane-change crash risk profiles at station 20 E 0 for the base case, 
cases 17 and 19 are plotted in Figure 6-45. 
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Figure 6-45: Average Lane-Change Crash Risk Profile at Station 20 E 0 – Cases 17 and 19 
 
From this figure, we can note that both cases (17 and 19) have a lot of variations 
in the average lane-change crash risk vs. time step. Moreover, there is a trend of an 
increase in the average lane-change crash risk for both cases much more than the base, 
and this increase is spreading widely over a lot of time steps. This eliminates both cases 
from being selected for the best cases in spite of showing to increase safety benefits over 
the simulated network. 
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Thus, case 18 is the best case that showed to increase safety benefits over the 
simulated network as well as having very good crash risk profile versus time step. But, to 
be more assured, another station is investigated, which is station 14 E 0. 
The average lane-change crash risk profiles at station 14 E 0 for the base case, 
cases 18 and 20 are plotted in Figure 6-46. Also, the average lane-change crash risk 
profiles at station 14 E 0 for the base case, cases 17 and 19 are plotted in Figure 6-47. 
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Figure 6-46: Average Lane-Change Crash Risk Profile at Station 14 E 0 – Cases 18 and 20 
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Figure 6-47: Average Lane-Change Crash Risk Profile at Station 14 E 0 – Cases 17 and 19 
 
These two figures assess our conclusion that case 18 is the best case out of the 4 
cases, where it looks so smooth, and is less than the base case in all the time steps. But, 
for cases 17, 19 and 20, they suffer a lot of variations in the average lane-change crash 
risk vs. time step. 
Thus, from the safety perspective, case 18 is the best case. And as previously 
indicated, this safety perspective includes two measures of effectiveness, the ORERCI 
and the OLCRCI. But, we still have the mobility measure of effectiveness (in terms of the 
travel time). Thus, the 4 cases are checked to know whether they decrease the total travel 
time or not. This is shown in Section (6.3.3), where the 4 cases are compared to the base 
case. 
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6.3.3 Travel Time Analysis 
The 4 cases (17, 18, 19 and 20) are also compared to the base case in terms of the 
travel time. It is to be noted that 10 replications for the 4 cases and the base case were 
performed, and the total network travel time was taken from each replication.    
A t-test was performed for the 4 cases to compare their travel times with the base 
travel times. A summary of this test is shown in Table 6-73.   
Table 6-73: Travel Time Analysis for Cases 17, 18, 19 and 20 
  Base Case 17 Case 18 Case 19 Case 20 
Average Travel 
Time (Vehicle-
hours) 
23461.75 23216.10 23080.62 23004.38 23015.90 
Percent Decrease   1.05 1.62 1.95 1.90 
t-statistic   1.80 1.99 2.47 2.03 
t-critical   1.83 1.83 1.83 1.83 
 
From this table, we can note that all the 4 cases decrease the travel time. The 
highest percent decrease is for case 19, followed by case 20, then case 18, and finally 
case 17. We can also note that there are 3 significant cases out of the 4 cases, which are 
cases 18, 19 and 20. These cases have t-statistic values greater than the t-critical value 
(1.83). Thus, still case 18 is deemed the best case since it also reduces the travel time. 
Thus, as a general conclusion, case 18 increases the safety benefits as well as it 
decreases the total travel time over the simulated network, which is our objective.  
Therefore, case 18 is deemed the best case when implementing Ramp Metering 
and VSL strategies everywhere at the 90 percent loading. And consequently, this result 
confirms the conclusions of Dhindsa (2006), who found that VSL in conjunction with 
Ramp Metering could help to reduce crash risk in congested situations.  
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And as previously indicated in the preliminary experimental design, implementing 
Ramp metering strategy downtown in conjunction with VSL strategy everywhere at the 
90 percent loading, did not give any safety benefits over the simulated network. 
Thus, at the 90 percent loading, implementing Ramp Metering strategy 
everywhere in conjunction with VSL strategy everywhere is better than just 
implementing Ramp metering strategy downtown in conjunction with VSL strategy 
everywhere. But, for the combination of both Ramp Metering and VSL strategies 
everywhere to be effective and beneficial, the VSL strategy should be implemented for 
20 minutes. It is to be noted that Cunningham (2007) did not find the VSL strategy 
effective and beneficial to the same network at the 90 percent loading. 
The conclusion from this study concurs with Gayah (2006), who found that 
implementing Ramp Metering everywhere (Zone algorithm in downtown areas, and 
ALINEA algorithm in non downtown areas) is more beneficial than implementing just 
the Zone algorithm in downtown areas from the safety perspective. 
Since the network used in this study is the same as that from Gayah (2006), we 
can now have a comparison between both studies at the 90 percent loading. For the rear-
end crash risk, it was concluded from Gayah (2006) that the positively affected section 
extends over a 4-mile stretch from station 28 to station 36. His ORERCI value at this 
segment was 5.673. However, this decrease in the rear-end crash risk was not deemed 
statistically significant. Thus, we can conclude that his ORERCI value was higher than 
that in this study, but his length of the positively affected section is much shorter than 
that in this study. And, still both ORERCI values from the two studies are nonsignificant. 
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For the lane-change crash risk, it was concluded from Gayah (2006) that the 
positively affected section extends over an 8-mile stretch from station 27 to station 43. 
His OLCRCI value at this segment was 12.737, and this decrease in the lane-change 
crash risk was deemed statistically significant. Thus, we can conclude that his OLCRCI 
value was higher than that in this study. Moreover this decrease in the lane-change crash 
risk when compared to the base case was statistically significant, and is extending over a 
longer stretch. Thus, the results from his study looks more beneficial and more effective 
than this study in terms of safety benefits, and more clearly the lane-change crash risk 
benefit.  
Therefore, we can conclude that implementing Ramp Metering only everywhere 
(Zone algorithm in downtown areas, and ALINEA algorithm in non downtown areas) is 
more beneficial and more effective to the simulated network in terms of safety benefits 
than implementing Ramp Metering and VSL strategies in conjunction with each other.  
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6.4 Indepth Investigation 
Since it was recommended to use a combination of both Ramp Metering and VSL 
strategies for the 80 percent loading, an indepth investigation is still required to improve 
the plot of the average crash risk vs. time step. It was noted that the plot of the average 
lane-change crash risk vs. time step still has some variations, which is not favorable in 
terms of safety benefits.  
By thoroughly investigating the reason of this fluctuation, it was noted that this 
fluctuation in the crash risk vs. time step can be attributed to applying VSL in 
consecutive zones. It is known in this study that VSL is implemented when the speed 
difference between any two consecutive stations along the entire network is greater than 
7 mph. So, applying VSL at two consecutive zones along the whole network might 
deteriorate the VSL strategy, and thereby can cause these fluctuations in the plot of the 
average crash risk vs. time step. To illustrate this, a numerical example is shown in the 
following section. 
6.4.1 The Drawback of Applying VSL at Consecutive  
Figure 6-48 shows a numerical example for illustrating the idea of applying VSL 
at two consecutive zones. 
Distance (miles) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 
Station 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
Average 5-min 
Speed (mph) 
70 71 73 69 72 64 66 65 67 68 60 62 63 61 64 
Figure 6-48: A Numerical Example for Illustrating the Idea of Applying VSL at Two Consecutive 
Zones 
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From this figure, we can note that there are 3 homogeneous speed zones. The 
speed zone definition threshold used in this example is 5 mph. It is to be noted that VSL 
in this simple example will be applied in two stations, 15 and 20 (the stations of interest). 
Assuming that the speed limit at this freeway section is 65 mph, it is now easy to draw a 
schematic sketch that shows the speed limits at this section. Figure 6-49 shows this 
sketch. 
VSL implemented Conflicting zone 
VSL implemented 
Direction of flow 
Zone 3 Zone 1 Zone 2 
Station 15 Station 20 
2.5 miles 
60 70 60 70 
 
Figure 6-49: A Schematic Sketch Showing the Speed Limits while Implementing VSL at Consecutive 
Zones  
 
From this figure, we can note that there is a 10 mph speed difference along zone 
2, which is 2.5 miles long (from station 15 to station 20). All drivers have to decrease 
their speed from 70 mph to 60 mph, and different drivers have different reaction time.    
Some need long time to react to decreasing their speed, and some need short time. Thus, 
this high speed difference as well as the variation in the driver reaction time cause these 
variations and fluctuations in the crash risk with time step. Moreover, similar zones to 
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zone 2 are spreading through the entire network, and this explains these variations 
through the entire simulation time at each time step. 
6.4.2 Introducing the Concept of Not Applying VSL at Consecutive Zones 
After figuring out the drawback of applying VSL at consecutive zones, the 
concept of not applying VSL at consecutive zones was introduced. Figure 6-50 shows the 
posted speeds if VSL is to be implemented at station 25.    
VSL not implemented VSL implemented 
60 60 70 
Station 15 Station 20 
70 
VSL implemented 
Zone 4 
Station 25 
Direction of flow 
Zone 3 Zone 1 Zone 2 
 
Figure 6-50: A Schematic Sketch Showing Not Implementing VSL at Consecutive Zones  
 
From this figure, we can also note that there is still a 10 mph speed decrease from 
70 mph to 60 mph from zone 2 to zone 3. But in this case, drivers have a longer distance 
to react to decreasing their speed. So, the crash risk in this case will not increase much as 
the previous case, and thus, there will not be these successive fluctuations in the crash 
risk with time step. 
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Assuming that VSL is not to be implemented at station 25, Figure 6-50 shows the 
posted speeds. 
VSL not implemented VSL implemented 
65 60 70 
Station 15 Station 20 
65 
VSL not implemented 
Zone 4 
Station 25 
Direction of flow 
Zone 3 Zone 1 Zone 2 
 
Figure 6-51: A Schematic Sketch Showing Not Implementing VSL at Consecutive Zones 
 
 From this figure, we can note that this figure looks much better than 
Figures 6-49 and 6-50, as there is only 5 mph speed difference between zones 2 and 3. 
Additionally, drivers have adequate braking distance to decrease their speed by 5 mph 
(from 70 to 65 mph), and they have a constant speed (65 mph) through zones 3 and 4. 
Thus, being in constant speed for a longer distance, decreases the crash risk, and brings it 
below the base case. So, here also, there will not be these successive fluctuations in the 
crash risk with time step. 
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6.4.3 Applying the Newly Introduced Concept 
The concept of not implementing VSL at consecutive zones for either case shown 
in  Figure 6-50 and Figure 6-51 was applied to the network for the best case (case 19) at 
the 80 percent loading for combining Ramp Metering and VSL everywhere (through the 
entire network). An additional API code part was written using the C++ language to 
apply the newly introduced concept. It is to be noted that 10 runs were used to implement 
this newly introduced concept for case 19. Sections (6.4.4), (6.4.5) and (6.4.6) show the 
interpretation of the results for the rear-end crash risk, the lane-change crash risk and the 
travel time, respectively. 
6.4.4 Rear-End Crash Risk 
Figure 6-52 shows the plot of the average rear-end crash risk over each location 
for the base case as well as for case 19. 
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Figure 6-52: Average Rear-End Crash Risk vs. Location for Case 19 
 
As shown in the figure, we can hardly note any difference between the base case 
and case 19. But, there are three positively affected sections throughout the whole 
network. The first section extends over a 2.5-mile stretch from station 14 to station 19. 
The second section extends over a 0.5-mile stretch from station 44 to station 45. The third 
section extends also over a 0.5-mile stretch from station 50 to station 51.  
We can note that the second and the third sections are not that effective, as they 
are spreading only over a 0.5-mile stretch.  
Figure 6-53 shows the plot of the average rear-end crash risk from station 14 to 19 
for the base case and for case 19. 
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Figure 6-53: Average Rear-End Crash Risk vs. Location (Stations 14 to 19) for Case 19  – Magnified 
 
As shown in the figure, there is a decrease in the average rear-end crash risk 
compared to the base case. But, this decrease in the average rear-end crash risk is not 
deemed significant, as indicated in Table 6-74. 
Table 6-74: Summary of the Difference in Rear-End Crash Risk for Case 19 at Stations 14 to 19 
Test Case ID 
  Base Case 19 
Average Crash Risk 
(Stations 14 to 19) 
-0.628 -0.695 
Crash Risk Benefit --- 0.067 
T-Statistic 
(Significance of Change) 
--- 0.912 
      
ORERCI --- 0.810 
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It is to be noted that the whole network was divided into 4 sections that have the 
same trend. These are from station 4 to 13, from station 14 to 19, from station 20 to 43 
and from station 44 to 67. But, neither of these sections show any siginificant difference 
(increase or decrease) between the base case and case 19. 
The cumulative ORERCI for case 19 over the entire network is shown in Table 
6-75. 
Table 6-75: Cumulative ORERCI for Case 19 over the Entire Network 
  Base Case 19 
Cumultive ORERCI --- 2.608 
 
Based on this table, it is obvious that case 19 is beneficial to the network. This is 
clear in the positive cumulative ORERCI value. Thus, the implementation of Ramp 
Metering and VSL everywhere in conjunction with each other using the newly introduced 
idea did an acceptable job in reducing the average rear-end crash risk, although shown to 
be statistically nonsignificant. Moreover, the value “2.608” in this table looks much 
higher than the value “1.811” previously shown in Table 6-35. 
Figures 6-54, 6-55 and 6-56 show the plot of the average rear-end crash risk vs. 
time step at stations 14 E 0, 20 E 0 and 18 E 1, respectively. 
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Figure 6-54: Average Rear-End Crash Risk Profile at Station 14 E 0 – Case 19 
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Figure 6-55: Average Rear-End Crash Risk Profile at Station 20 E 0 – Case 19 
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Figure 6-56: Average Rear-End Crash Risk Profile at Station 18 E 1 – Case 19 
 
From these 3 figures, we can note that there are no more successive fluctuations 
and variations in the average crash risk with time step. Moreover, case 19 succeeded in 
bringing the average rear-end crash risk well below the base case for lots of time steps.  
6.4.5 Lane-Change Crash Risk 
Figure 6-57 shows the plot of the average lane-change crash risk over each 
location for the base case as well as for case 19. 
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Figure 6-57: Average Lane-Change Crash Risk vs. Location for Case 19 
 
As shown in the figure, we can hardly note any difference between the base case 
and case 19, except at two sections. The first section extends over an 8.5-mile stretch 
from station 14 to station 31. The second section extends over a 2-mile stretch from 
station 38 to 42. 
Figures 6-58 and 6-59 show the plot of the average lane-change crash risk for case 
19 and the base case from station 14 to 31 and from station 38 to 42, respectively. 
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Figure 6-58: Average Lane-Change Crash Risk vs. Location (Stations 14 to 31) for Case 19 – 
Magnified 
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Figure 6-59: Average Lane-Change Crash Risk vs. Location (Stations 38 to 42) for Case 19 – 
Magnified 
 364
As shown in both figures, there is a decrease in the average lane-change crash risk 
for case 19 when compared to the base case. Moreover, this decrease in both figures is 
deemed statistically significant as shown in Tables 6-76 and 6-77. 
Table 6-76: Summary of the Difference in Lane-Change Crash Risk for Case 19 at Stations 14 to 31 
Test Case ID 
  Base Case 19 
Average Crash Risk 
(Stations 14 to 31) 
0.162 -0.046 
Crash Risk Benefit --- 0.208 
T-Statistic 
(Significance of Change) 
--- 3.866 
      
OLCRCI --- 7.493 
 
 
Table 6-77: Summary of the Difference in Lane-Change Crash Risk for Case 19 at Stations 38 to 42 
Test Case ID 
  Base Case 19 
Average Crash Risk 
(Stations 38 to 42) 
1.095 1.025 
Crash Risk Benefit --- 0.069 
T-Statistic 
(Significance of Change) 
--- 2.211 
      
OLCRCI --- 0.555 
 
It is to be noted that the whole network was divided into 5 sections that have the 
same trend. These are from station 4 to 13, from station 14 to 31, from station 32 to 37, 
38 to 42 and from station 43 to 67. There was no siginificant difference (increase or 
decrease) between the base case and case 19 from station 4 to 13, 32 to 37 and 43 to 67. 
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The cumulative OLCRCI for case 19 over the entire network is shown in Table 
6-78. 
Table 6-78: Cumulative OLCRCI for Case 19 over the Entire Network 
  Base Case 19 
Cumulative OLCRCI --- 6.864 
 
Based on this table, it is obvious that case 19 is beneficial to the network. This is 
clear in the positive cumulative OLCRCI value. Thus, the implementation of Ramp 
Metering and VSL everywhere in conjunction with each other using the newly introduced 
idea did a good job in reducing the average lane-change crash risk, and it is shown to be 
statistically significant over 2 sections along the network. Moreover, the value “6.864” in 
this table looks much higher than the value “4.596” previously shown in Table 6-42. 
Figures 6-60, 6-61 and 6-62 show the plot of the average lane-change crash risk 
vs. time step at stations 14 E 0, 20 E 0 and 18 E 1, respectively. 
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Figure 6-60: Average Lane-Change Crash Risk Profile at Station 14 E 0 – Case 19 
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Figure 6-61: Average Lane-Change Crash Risk Profile at Station 20 E 0 – Case 19 
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Figure 6-62: Average Lane-Change Crash Risk Profile at Station 18 E 1 – Case 19 
 
From these 3 figures, we can note that there are no more successive fluctuations 
and variations in the average crash risk with time step. Moreover, case 19 succeeded in 
bringing the average lane-change crash risk well below the base case for many time steps.  
Comparing Figure 6-62 with Figure 6-25 previously shown from Cunningham 
(2007), we can note that Figure 6-62 is much better than Figure 6-25 in not having these 
successive fluctuations and variations for the average lane-change crash risk, which is a 
favorable result. And this confirms that the newly introduced idea of not implementing 
VSL at consecutive zones did perfect job in removing these fluctuations. However, to 
complete the picture, and to make our judgment more accurate, we still need to see the 
total travel time along the entire network. This is illustrated in the following section. 
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6.4.6 Travel Time Analysis 
Table 6-79 shows the t-test used to compare the travel times for the best case 
(case 19) with the travel times for the base case.  
Table 6-79: Travel Time Analysis for Case 19  
  Base Case 19 
Average Travel Time 
(Vehicle-hours) 
16391.45 16389.96 
Percent Decrease  0.009 
t-statistic  0.03 
t-critical  1.83 
 
From this table, we can note that the average travel time for case 19 is less than 
that of the base case, but this decrease is not deemed statistically significant. However, 
this is a favorable result, as there is a decrease in the average travel time, and being 
statistically nonsignificant is not that important. Moreover, this result is much better than 
the previous result shown in Table 6-43, where case 19 increases the average travel time 
by 0.2 % more than the base case. By this, the picture is now complete and clear, and the 
newly introduced idea did better job than the previous idea (of applying VSL throughout 
the entire network, no matter if it is applied at consecutive zones or not). 
Thus, combining Ramp Metering and VSL strategies at the 80 percent loading is 
much better than just applying VSL only at the 80 percent loading over the simulated 
network. Hence, we reached the same conclusion previously indicated, but this time, by 
applying the idea of not implementing the VSL strategy at consecutive zones. We can 
note that this idea succeeded in removing the successive fluctuations and variations in the 
crash risk vs. time step. Moreover, this idea decreased the average travel time by a small 
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percentage, but this is still a favorable outcome. And it lead to higher cumulative overall 
safety benefits (in terms of ORERCI and OLCRCI values). 
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7 CHAPTER 7.   CONCLUSIONS 
This study has examined the potential of combining Ramp Metering and Variable 
Speed Limit strategies to be used as a real-time crash prevention technique. The main 
objective of this study was to assess whether or not combining both ITS strategies would 
help reduce real-time rear-end and lane-change crash risks along the I-4 freeway, and 
furthermore, to recommend the best cases for implementation on urban freeways in 
different conditions. Following this aspect, a 36.25-mile section of I-4 running though 
Orlando, FL was simulated using the PARAMICS micro-simulation program. Examining 
implementing Ramp Metering everywhere (through the whole network) in conjunction 
with VSL everywhere as well as implementing Ramp Metering downtown (in downtown 
areas only) in conjunction with VSL everywhere were used. For the preliminary 
experimental design, eight different test cases were used for each of them at the 60, 80 
and 90 % loading scenarios. For implementing the Ramp Metering strategy everywhere, 
both algorithms, the Zone algorithm and the ALINEA algorithm were used. The Zone 
algorithm was used in downtown areas, while the ALINEA algorithm was used in non 
downtown areas. For implementing the Ramp Metering strategy downtown, only the 
Zone algorithm was used. Factors controlling the Ramp Metering strategy are: the cycle 
length for Zone, the cycle length for ALINEA and the critical occupancy. Factors 
controlling the VSL strategy are: the magnitude of speed limit change upstream and 
downstream the station of interest, the speed zone definition, the speed change distance, 
and the minimum time period for this speed change. 
After performing the preliminary experimental design, it was concluded that the 
plot of the average lane-change crash risk vs. time step for the 80 and 90 % loading 
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scenarios was not favorable. This led to some trials for modifying this plot. For the 80 % 
loading, the most successful trial was to increase the VSL implementation period to be 30 
minutes. For the 90 % loading, the most successful trial was to increase the VSL 
implementation period to be 20 minutes. Moreover, there was a trial to increase the safety 
benefit at the 90 % loading while implementing Ramp Metering downtown in 
conjunction with VSL everywhere, as there was no safety benefit noticed. This trial 
included using a cycle length of 25 seconds for the Zone algorithm, instead of 60 
seconds. But, the resulted plot of the average lane-change crash risk vs. time step was 
unfavorable, which worsened this trial.  
For the final experimental design analysis for the three loading scenarios, the 
primary effect of each case was measured by the change in rear-end and lane-change 
crash risk from the BASE case. This was stated in this study in terms of ORERCI and 
OLCRCI respectively, which were the primary two measures of effectiveness. The third 
secondary measure of effectiveness used in this study for more potentially useful cases 
was the travel time impact. This was to ensure that the operational capabilities of the 
freeway were not sacrificed by in an attempt to improve the two safety measures of 
effectiveness. 
For the 60 % loading, it was concluded that implementing VSL strategy only was 
more beneficial to the network than either implementing Ramp Metering everywhere in 
conjunction with VSL everywhere or implementing Ramp Metering downtown in 
conjunction with VSL everywhere. This was concluded from the comparison with the 
results from Cunningham (2007). However, either implementing Ramp Metering 
everywhere or downtown in conjunction with VSL everywhere showed safety benefits 
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across the simulated network as well as a reduction in the total travel time. The best case 
for implementing Ramp Metering everywhere in conjunction with VSL everywhere was 
using a homogeneous speed zone threshold of 2.5 mph, a speed change distance of half 
speed zone and a speed change time of 5 minutes in conjunction with a 60 seconds cycle 
length for the Zone algorithm, a critical occupancy of 0.17 and a 30 seconds cycle length 
for the ALINEA algorithm. And the best case for implementing Ramp Metering 
downtown in conjunction with VSL everywhere was using a homogeneous speed zone 
threshold of 2.5 mph, a speed change distance of half speed zone and a speed change time 
of 10 minutes in conjunction with a 60 seconds cycle length for the Zone algorithm, a 
critical occupancy of 0.17 and a 30 seconds cycle length for the ALINEA algorithm.    
For the 80 % loading, it was concluded that either implementing Ramp Metering 
everywhere in conjunction with VSL everywhere or implementing Ramp Metering 
downtown in conjunction with VSL everywhere was more beneficial to the network than 
implementing VSL strategy only. This was concluded from the comparison with the 
results from Cunningham (2007). Moreover, it was concluded that implementing Ramp 
Metering everywhere in conjunction with VSL everywhere showed higher safety benefits 
across the simulated network than implementing Ramp Metering downtown in 
conjunction with VSL everywhere. Also, both of them increased slightly the total travel 
time, but this was deemed acceptable. The best case for implementing Ramp Metering 
everywhere in conjunction with VSL everywhere was using a homogeneous speed zone 
threshold of 5 mph, a speed change distance of half speed zone and a speed change time 
of 30 minutes in conjunction with a 60 seconds cycle length for the Zone algorithm, a 
critical occupancy of 0.17 and a 30 seconds cycle length for the ALINEA algorithm. And 
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the best case for implementing Ramp Metering downtown in conjunction with VSL 
everywhere was using a homogeneous speed zone threshold of 5 mph, a speed change 
distance of half speed zone and a speed change time of 30 minutes in conjunction with a 
60 seconds cycle length for the Zone algorithm, a critical occupancy of 0.17 and a 30 
seconds cycle length for the ALINEA algorithm.  
However, inspite of being much better and more beneficial to the network than 
the VSL strategy only, the combination of Ramp Metering (either everywhere or 
downtown) and VSL (everywhere) had lots of successive fluctuations and variations in 
the average lane-change crash risk vs. time step. This led to introducing the idea of not 
implementing VSL at consecutive zones (using either a gap of one zone or more) to 
counteract these fluctuations. This was implemented for the best case (case 19) for 
implementing both Ramp Metering and VSL everywhere through the whole network. 
This idea perfectly succeeded in removing these fluctuations and variations in the average 
crash risk, and decreased the travel time by a little percentage (0.009 %), which is still a 
favorable outcome. Moreover, this newly introduced idea showed statistically significant 
decrease in the average lane-change crash risk, and without being statistically significant 
in decreasing the average rear-end crash risk for the best case when compared to the base 
case.  
Thus, at the 80 % loading, we can conclude that the reduction in the average lane-
change crash risk was statistically significant, while the reduction in the average rear-end 
crash risk was not statistically significant in this study as well as in the study conducted 
by Cunningham (2007). However, there is a noticeable reduction and a safety benefit for 
the average rear-end crash risk, without being significant. 
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For the 90 % loading, it was concluded that implementing Ramp Metering 
strategy only (Zone algorithm in downtown areas, and ALINEA algorithm in non 
downtown areas) was more beneficial to the network than implementing Ramp Metering 
everywhere in conjunction with VSL everywhere. This was concluded from the 
comparison with the results from Gayah (2006). However, implementing Ramp Metering 
everywhere in conjunction with VSL everywhere showed safety benefits across the 
simulated network as well as a reduction in the total travel time. The best case was using 
a homogeneous speed zone threshold of 2.5 mph, a speed change distance of the entire 
speed zone and a speed change time of 20 minutes in conjunction with a 60 seconds cycle 
length for the Zone algorithm, a critical occupancy of 0.17 and a 30 seconds cycle length 
for the ALINEA algorithm.  
Summarizing the findings from this study and previous studies, we can now have 
a summary table for each percent loading (60 %, 80 % and 90 %). This table shows 
locations (sections) across the network that showed safety benefits as well as whether or 
not any of the cases, some of the cases or all the cases are significant in reducing the 
crash risk. Tables 7-1, 7-2 and 7-3 show these summary tables at 60, 80 and 90 % 
loadings, respectively. 
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Table 7-1: A Summary Table at 60 % Loading 
MOE 
Algorithm used 
ORERCI OLCRCI Travel time 
VSL (Cunningham, 2007) 33 - 49   (Significant) 
15 - 53 
(Significant) 
The best case 
significantly 
decreases travel 
time by 0.786 % 
RM everywhere and VSL 
everywhere 
28 - 43           
(Not significant) 
14 - 31          
34 - 44 
(Significant) 
The best case 
significantly 
decreases travel 
time by 0.42 % 
RM downtown and VSL 
everywhere 
 28 - 43           
(Not significant) 
14 - 31          
34 - 44 
(Significant) 
The best case 
nonsignificantly 
decreases travel 
time by 0.41 % 
 
Table 7-2: A Summary Table at 80 % Loading 
MOE 
Algorithm used 
ORERCI OLCRCI Travel time 
VSL (Cunningham, 2007)  33 - 44           (Not significant) 
15 - 21            
(Not significant)    
32 - 52 
(Significant) 
The best case 
nonsignificantly 
increases travel 
time by 0.369 % 
RM everywhere and VSL 
everywhere 
 36 - 46          
(Not significant) 
14 - 31            
34 - 42    
(significant) 
The best case 
nonsignificantly 
increases travel 
time by 0.2 % 
RM downtown and VSL 
everywhere 
  36 - 46           
(Not significant) 
 14 - 31            
(Significant)       
34 - 42            
(Not Significant) 
The best case 
nonsignificantly 
increases travel 
time by 0.93 % 
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Table 7-3: A Summary Table at 90 % Loading 
MOE 
Algorithm used 
ORERCI OLCRCI Travel time 
VSL (Cunningham, 2007)  37 - 52           (Not significant)     
RM everywhere and VSL 
everywhere 
13 - 17           
28 - 38           
(Not Significant) 
14 - 21             
(Significant)        
30 - 37            
(Not Significant) 
The best case 
significantly 
decreases 
travel time by 
1.62 % 
RM (Gayah, 2006)  28 - 36           (Not significant) 
 27 - 43           
(Significant)   
 
From this study, it is well noticed that there is a significant decrease in the lane-
change crash risk when compared to the base case at stations 14 to 31. So, it is better to 
understand the geometric design charactersistics of this section along I-4. Using “Google 
Earth”, it is easy to have a wide and deep look at this identified section. This is shown in 
Figure 7-1. 
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Lane 4 
Lane 3 
Lane 2 
Lane 1 
Figure 7-1: Aerial Picture for a Section along Stations 14 to 31 Using "Google Earth" 
 
Figure 7-1 represents part of the section extending from station 14 to 31. The 
remaining part is almost the same and has the same geometric design characteristics. It is 
noted that the section shown in the picture has a total of 8 lanes (4 lanes per direction). 
These 8 lanes are shown beside the picture and are labeled from “1” to “8” from down to 
top. Moreover, we can note that this section lies in a straight section. So, this illustrates 
the reason of having a significant decrease in the lane-change crash risk at stations 14 to 
31. 
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7.1 Recommendations for Further Research 
This research has examined the effect of combining Ramp Metering and VSL 
strategies for reducing real-time crash risk along the I-4 freeway. Further research can be 
done to expand on this study.   
First of all, the transferability of these recommendations can be tested by 
repeating the study on another corridor (e.g. another interstate freeway). But for doing so, 
the rear-end and lane-change crash risk models would have to be recalibrated using loop 
detectors and crash data from the other corridor, and then the new corridor would have to 
be built using the micro-simulation software. Then, the experimental design used in this 
study could then be repeated at the same volume loading conditions, and a comparison 
between the conclusions from both studies can be obtained. 
Secondly, this research can be expanded by testing combining Ramp Metering 
and VSL strategies practically in the field. While the simulation results give researchers 
an idea of what is expected to occur, it is possible that drivers can react to the 
combination of these two strategies in a way that cannot be simulated. Therefore, the 
cases that showed safety benefits to the network from the simulation can be implemented 
in the field to confirm that these are the true results. However, the cases that show 
negative safety impacts should not be implemented in the field until there is clear 
evidence that they will not increase the crash risk along the freeway.  
Thirdly, combining Ramp Metering and VSL strategies at heavy congestion 
conditions (i.e. at the 100 percent loading) can be tested. This is important since the 
Ramp Metering strategy showed safety benefits at higher percent loadings (e.g. at the 90 
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and 100 percent loadings) as indicated by Gayah (2006). Thus, this volume loading 
scenario can be examined.  
Fourthly, modifying the factors controlling the Ramp Metering strategy can be 
tested while combining Ramp Metering and VSL strategies. These modifications include 
changing the cycle length for both the Zone and ALINEA algorithms as well as changing 
the critical occupancy values. This can be done since modifying these factors can lead to 
better safety benefits for the simulated network. 
Fifthly, combining other ITS strategies can be tested, e.g. combining Route 
Diversion and VSL strategies and combining Route Diversion and Ramp Metering 
strategies. Moreover, combining more than two ITS strategies can be tested, e.g. 
combining Route Diversion, Ramp Metering and VSL strategies. This is because the 
effect of the combination of these three ITS strategies can be much better and more 
beneficial than the effect of any one of them separately. Previous study by Gayah (2006) 
found that the Route Diversion strategy is capable of reducing the crash risk, using the 
same crash risk models, and on the same simulated network. But, when implementing 
these three ITS strategies in conjunction with each other, the economic effect (in terms of 
the cost) must be taken into consideration to reach more solid conclusions. 
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